

Background of The Invention 

Many diseases and pathological conditions involve the inappropriate expression 



or undesirable activity of one or more cellular genes. Examples include cancer, in which one or 
more cellular oncogenes become activated and results in the unchecked progression of cell cycle 
processes. Furthermore, many huma n genetic d iseases, such as Huntington's disease and certain 
prion conditions, result from the inappropriate activity of a polypeptide as opposed to the loss 



of its function. Drug therapy strategies for these disorders have frequently employed molecular 
antagonists which target the polypeptide product of the disease gene(s). Additionally, infectious 
diseases such as HIV have been successfully treated with molecular antagonists targeted to 
specific essential retroviral gene(s). The discovery or rational design of such disease gene or 
pathogen gene antagonists is often difficult and time-consuming. Furthermore, such molecular 
antagonists frequently have unanticipated effects on other cellular activities which were not 
targeted for therapeutic intervention. Therefore a systematicj neans for degrading one or more 
target polypeptides which cause or contribute to a disease or condition would allow the rapid 
"development of suitable antagonist therapeutic agents once a disease-causing polypeptide or 
pathogen gen function is identified. 



would further allow for the general elucidation and control of the essential polypeptide-mediated 
functions of a host cell. Indeed, the field of genetics is essentially an approach to understanding 
biological processes through the systematic elimination of cellular polypeptide functions. 
Historically, the genetic approach has involved the development of "screens" for mutations in 
genes which affect a specific phenotypic trait of an organism. The great advantage of this 
approach has been that no prior knowledge of the molecular nature of the genes involved is 
required because the "screen" identifies the affected genes by marking them with mutations. The 
mutation involved is frequently a change in the gene's sequence which results in a loss-of- 
flmction of the encoded gene product. Unfortunately the genetic approach has many limitations. 
Indeed the study of essential genes, required for cell viability, is exceedingly difficult using a 
purely genetic approach. The implementation of "reverse genetics" in yeast (see e.g. Winston 
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et al. (1983) Methods Enz^fcl 101: 211-28) and, later, in mammals ^^e.g. Capecchi (1989) 
Science 244: 1288-92), has allowed the positive identification of a gene as essential through the 
inability to recover viable yeast haploid gene "knockout" spores or homozygous recessive 
"knockout" mice. Nevertheless, the exact biological processes in which the essential gene is 
involved are difficult to determine due to the inability to isolate and/or study the doomed 
knockout yeast spore or the inviable homozygous mouse zygote. Thus the downstream effects 
on specific aspects of cell function following removal of the essential gene product cannot be 
readily determined using these traditional "knockout" studies. Furthermore, while traditional 
gene "knockout" experiments may be useful in demonstrating that a given gene is essential for 
the life of the organism, they provide neither a convenient method for determining how rapidly 
cellular function ceases nor what cellular processes immediately follow the removal of the gene 
product, nor further do they allow for the facile determination of the rate at which so-called 
"second-site suppressing" mutations can arise which restore cell viability following the removal 
of the essential gene. These considerations are important in the selection of targets for the 
rational design of, for example, antibiotic or chemotherapeutic pharmaceutical agents. 

The functional characterization of a specific cellular protein often relies on 
experimentally altering the levels of the protein of interest, and studying the biological 
consequences of this manipulation. Gene knockout, ribozyme, anti-sense or RNA-mediated 
interference (RNAI) technologies are frequently used in different eukaryotic organisms to either 
eliminate or reduce the levels of a cellular protein. Antisense oligonucleotides and designer 
ribozymes provide a means for the systematic removal of a specific gene product without the 
prior bioengineering of the cellular target, (see, e.g. Hargest and Williamson (1996) Gene Ther. 
3: 97-102; Lipkowitz et al. (1996) Am J Kidney Dis 28: 475-92; and Bennett and Schwartz 
(1995) Circulation 92: 1981-93); however the successful employment of such nucleic acid 
antagonists has met with many difficulties. Furthermore, where the immediate removal of 
existing gene product is desired, antisense and ribozyme gene antagonists are relatively 
inefficient since existing gene products are removed only at the rate of their natural turnover. 

A systematic, rational means for antagonizing the function of a specific cellular 
or pathogen gene would provide a powerful strategy for dealing with certain disease conditions 
as well as providing a means to determine and control the essential biological functions of a host 
cell. 
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r^^ethods for the directed inactivation of a^^i 



A number ^methods for the directed inactivation of a sPlcific target polypeptide 

functions in a host eucaryotic cell have been developed. For example, in an attempt to provide 

for a systematic means of deriving temperature -sensitive conditional alleles of a given gene 

target, Dohmen et al. have devised a temperature-sensitive "degron" cassette that can be 

appended to any gene of interest and used to render it thermosensitive (Dohmen et al. (1994) 

Science 263: 1273-6). The generality with which this therm osensitive de gron can be succ essfully 

■ . — . — - — ■ ■ ~ '7 " . J ~ — 

applied to any target polxgg^dsJias-yet^^ of relying upon 

amaTinduction for the resulting system is a major drawback. Indeed, eucaryotic cells 

experience a transient heat-shock response which can have profound effects on some cellular 

processes such as transcription. Furthermore, the requirement for induction by heat shock 

precludes useful application to mammalian transgenic animal systems. Another example of a 

system for the controlled removal of a specific gene product is the use o f the ubiquitin N-end ru le^ 

proteolytic system to rapidly and inducibly degrade a specific target which has been engineered 

to carry a predisposing non-methionine amino terminal amino acid (Moqtaderi, et al. (1996) 

Nature 383: 188-91). This system can be made inducible by engineering the host cell to express 

a key component(s) of the N-end rule proteolytic system under the control of a suitable promoter, 

such as a copper-inducible promoter. Still other systems have been developed for the controlled 

removal of a specific host gene. Notably the Cre/lox system (see e.g. Sauer (1998) Mehods 14: 

381-92) allows for the inducible deletion of a specific targefgene through the action of the Cre 

site-specific DNA recombinase. Using this system, genetic switches can be designed to ablate 

a specific target gene in a specific tissue and at a specific time during development. One 

shortcoming of this method is that, following recombinational deletion of the targeted gene from 

the chromosome, the remaining mRNA and polypeptide products of the gene may only slowly 

be titrated out of the host cell through consecutive mitotic cell divisions and/or the eventual 

turnover of the mRNA and polypeptide by cellular ribonucleases and proteases. Thus it would 

be desirable to have a more rapid means for directly inactivating specific target genes in a host 

eucaryotic cell. Ajmncipal disadvantage of all of thesejs yst^sjs that they require the specific 

bioengineering of t he target cell or host to potentiate the removal of the targeted gene function. 

In particular, these methods require the molecular modification of the target polypeptide- 

encoding gene and so it is difficult to employ them in the alteration of endogenous cellular 

protein levels. Therefore these techniques, while potentially useful in the identification and study 
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of gene function in a moderoganism, are unlikely to be applicable to we therapeutic treatment 
of specific human disease conditions. 

The steady state level of a cellular protein is reached when the balance is achieved 
between the rates"o? its synthesis and degradation. Altering the amount of a cellular protein has 
been a fundamental approach in understanding its normal cellular function. Many important 
technologies have been developed to manipulate cellular protein levels. Gene transfer and 
transgenic technologies in tissue culture or in animals are frequently used to overproduce 
proteins, whereas gene knockout, ribozyme or RNAI have been used to either eliminate or reduce 
expression of specific proteins. Although complete elimination of a cellular protein often allows 
the determination of the cellular functions of a protein, there are instances where the reduction 
in the level of a specific gene product may be desirable in order to assess the function of a 
specific protein in a specific process. Furthermore, complete gene knockout is sometimes not 
desirable, in situations in which the deletion of a particular gene has pleotropic effects that may 
overshadow specific cellular functions. 

Ubiquitin dependent proteolysis is a major catabolic pathway utilized by 
eukaryotic cells for the degradation of cellular proteins. Protein ubiquitination is catalyzed by 
the concerted actions of three classes of enzymes; the El ubiquitin-activating enzymes, the E2 
ubiquitin-conjugating enzymes, and the E3 ubiquitin protein ligases (reviewed in Hochstrasser 
(1996) Annu Rev. Genet 30: 405-39). While El and E2 are primarily involved in the activation 
and transfer of ubiquitinjthe^subs^ is conferred by the 

E3 ubiquitin protein ligases. Recent studies have revealed distinct~E3 components and 



ubiquitination machineries that operate at various cellular processes to target distinct substrates 
for degradation. 

For example , the SCF (£kp l, Cullin and E-box-containing proteins) ubiquitin 
protein ligases function to promote cell cycle transitions by targeting multiple cell c y c ^, 
regulators for ubiquitin-dependent proteolysis (reviewed in King et al. (1996) Science 274: 1652- 
9; Patton et al. (1998) Genes Dev 12: 692-705; Koepp et al. (1999) Cell 97: 431-4; and 
references therein). Among the subunits of the SCF complexes, Skpl and cullin are thought to 
form a stable core complex t hat is shared b y different F-box-containing proteins, and in teracts 
with E2 through the cullin subunit. Multiple F-box proteins exist that serve as receptors for 
recognition and recruitment of various target polypeptides to the core^CF for ubiquitination. 
DifferentF^box proteins^h^^thexommon*F = bo5Tdomain for Skpl binding, but utilize additional 
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^^action domains, such as WD40 or leuc^^i 



modular protein-protein i^Kaction domains, suc h as WD40 or leucmPrich repeats (LRR) for 
binding distinct classes of substrates. Recently, a fourth subunit of SCFs, Rbx-1/Rocl, was 
identified that interacts with F-box proteins, and is thought to stimulate interaction between the 
Cdc34 ubiquitin-conjugating enzyme and SCF ubiquitin-protein ligases (Kamura et al. (1999) 
Science 284: 657-61; Skowyra (1999) Science 284: 662-5; Ohta et al. (1999 ) Mol Cell 3: 535- 
41; Tan et al. (1999) Mol Cell 3: 527-33). Our recent studies indicated that th e yeast 
F-box-containing g^.teins ? -suGh-as-Cde4£ L is itself a target of the SCF-mediated ubiquitination 
and degradation (Zhou and Howley (1998) Mol Cell 2: 571-80). This suggests that the intact 
SCF complexes may be transient in nature, and that the proteolysis of the F-box proteins is 
essential for maintaining the SCF proteolytic activities by permitting the exchange of the 
substrate recognition components. 

Transit through the Gl/S boundary and initiation of DNA synthesis in the yeast 
Saccharomyces cerevisiae require ubiqui tin-dependent proteolysis of the CDK inhibitor Siclp 
by an SCF ubiquitin ligase (reviewed in (Deshaies (1997) Curr Opin Genet Dev 7: 7-16; King 
et al. (1996) Science 274: 1652-9; and references therein). Genetic analyses have identified four 
proteins, Cdc34p, Cdc4p, Cdc53p, and Skplp, whose functions are required for Siclp 
ubiquitination (Bai et al. (1996) Cell 86: 263-74; Mathias et al. (1996) Mol Cell Biol 16: 6634- 
43; Schwob et al. (1994) Cell 79: 233-44). Recently, the Siclp ubiquitination pathway was 
biochemically defined by in vitro reconstitution using recombinant proteins (Feldman et al. 
(1997) Cell 91 : 221-30; Skowyra et al. (1997) Cell 91 : 209-19). The E3 activity is conferred by 
a multiprotein complex, designated SCF cdc4p , consisting of Skplp, Cdc53p and Cdc4pf"lrr 



association with the Cdc34p ubiquitin conjugating, enzyme, SCF Cdc4p promotes Siclp 
ubiquitination in vitro in the presence of the El ubiquitin activating enzyme and ubiquitin. 
Importantly, phosphorylation of Siclp by Cdc28p/Gl cyclin dependent kinase is a prerequisite 
for Siclp recognition by Cdc4p (Feldman et al. (1997) Cell 91: 221-30; Schneider et al. (1996) 
Science 272: 560-2; Schwob et al. (1994) Cell 79: 233-44; Skowyra et al. (1997) Cell 91: 209- 
19; Verma et al. (1997) Science 278: 455-60). Although the in vitro reconstitution experiments 
have defined the essential ubiquitin enzyme components and the biochemical mechanisms for 
the Cdc34p/SCF Cdc4p ubiquitination pathway, the question remains as to how the individual 
components collaborate in vivo to deliver ubiquitiirm^^ 

of the SCFcdc4p ubiquitin protein ligase complex is controlled through the various cell cycle 
transitions. 
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s^^he Cdc34p/SCF Cdc4p pathway compon^Pa 



Mutations^Fthe Cdc34p/SCF Cdc4p pathway componeHs affect the stability of 
several regulators of cell growth in addition to Siclp, including the Cdk inhibitor Farlp 
(Henchoz et al. (1997) Genes Dev 11: 3046-60; McKinney et al. (1993) Genes Dev7: 833-43), 
the p58 ctFI3 subunit of the Cb£3 kinetochore assembly complex (Kaplan et al. (1997) Cell 91: 
491-500), the DNA replication protein Cdc6p (Drury et al. (1997) EMBO J 16: 5966-76; Piatti 
et al. (1996) Genes Dev 10: 1516-31), and the GCN4p transcription factor (Kornitzer et al. 
(1994) EMBO J 13: 6021-30). The Cdc34p/SCF Cdc4p proteolytic activity has also been implicated 
in phases of cell cycle other than Gl/S (King et al. (1996) Science 274: 1652-9), as deletion of 
SIC1 allows cdc4 ti f cdcS^, cdcS? andskpl* cells to pass through the Gl/S boundary, but they 
become arrested at G2-M (Bai et al. (1996) Cell 86: 263-74; Schwob et al. (1994) Cell 79: 233- 
44). Therefore, the Cdc34p/SCF Cdc4p pathway must be active at different stages of the cell cycle 
to mediate the degradation of a variety of substrates (Deshaies (1997) Curr Opin Genet Dev 7: 
7-16; King et al. (1996) Science 274: 1652-9). 

Two additional SCF complexes, SCF Grrlp and SCF Met30p , have also been identified 
in S, cerevisiae and are implicated in the degradation of Gl -specific cyclins or regulators of 
sulfur metabolism, respectively (Patton et al. (1998) Genes Dev 12: 692-705; Skowyra et al. 
(1997) Cell 91 : 209-19). The three SCFs share in common the Cdc53p and Skplp components, 
and differ in the F-box-containing subunits, Cdc4p or Grrlp or Met30p.^HsJh^ 
box-containing proteinsjhat serve asjhe substrate recognition subunits. It is currently unclear 
whether the individual intact SCFs are somehow regulated within cells, or whether there is an 
equilibrium involving, the transient assembly of SCFs with the individual F-box subunit 
recognition component. Here we report that the F-box-containing subunits of SCFs are 
intrinsically short-lived proteins. The SCF Cdc4p machinery mediates the autoubiquitination and 
degradation of the F-box-containing Cdc4p, the substrate recognition component of SCF Cdc4p . 
Our studies suggest a novel mechanism for the rapid assembly and disassembly of distinct SCF 
complexes through auto-ubiquitination of the F-box-containing SCF components, which allows 
the cell to respond in a timely manner to different cell cycle or environmental signals to target 
a variety of specific cellular proteins for proteolysis. 

The SCF ubiquitin ligases are only one group of known ubiquitin ligases. Other 
groups of structurally related ubiquitin ligases include theHEC Tdomain ubiquitin lig a ses which 
include mammalian E6-AP and Nedd-4, and yeast RSP5 (see Huibegtse et al. (1995) Proc Natl 
Acad Sci USA<9^T53B3^7rWang et al. (1999) Mol Cell Biol 19: 342-52) as well as the more 
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recently discovered HECraomain ubiquitin ligase proteins such as 





Lalian Smurfl (Zhu, 



et al. (1999) Nature 400: 687-93), yeast TOM1 (saleh et al. (1998) J Mol biol 282: 933-46; 
Utsugi et al. (1999) Gene 234: 285-95), and human EDD (Callaghan et al. (1999) Oncogene 17: 
3479-91). The HECT domain ubiquitin ligases effect ubiquitin conjugation, and thereby activate 
targeted proteolysis, of a number of polypeptide targets such as the Schizosaccharomyces pombe 
mitotic activating tyrosine phosphatase cdc25p (Nefsky and Beach (1996) EMBO J 15: 1301-12) 
and the SMADs, a group of proteins which control embryonic development and a wide variety 
of cellular responses to TGF-beta signals (Zhu et al. (1999) Nature 400: 687-93). While many 
targets of HECT-mediated ubiquitin-dependent proteolysis interact directly with their target 
protein, others interact through a third "adaptor" polypeptide which itself is not targeted for 
ubiquitination. For example, GrblO remains unubiquitinated following its interaction with 
Nedd4 HECT ubiquitin ligase, and may serve to target other proteins, such as tyrosine kinase 
receptors, for ubiquitination (Morrione et al. (1999) J Biol Chem 274L 24094-9). 



of polypeptides with particular amino-terminal amino acid residues. These include the yeast and 
mammalian Ubrlp N-end rule ubiquitin ligases which bind to destabilizing target polypeptide 
N-terminal residues and facilitate ubiquitination of the bound target (Kwon et al. (1998) Proc 
Natl Acad Sci USA 95: 7893-903; Varshavsky (1996) Proc Natl Acad Sci USA 93: 12142-9). 
This group of ubiquitin protein ligases likely function to control the intracellular levels of 
polypeptides which have undergone an endoproteolytic processing event which removes the 
normal stabilizing amino-terminal methionine residue. Particular classes of amino acid residues 
such as the basic residues (arginine, lysine and histidine) or the bulky hydrophobic residues 
(phenylalanine, leucine, tryptophan, tyrosine, and isoleucine), when exposed at the amino- 
terminus of the resulting processed protein, result in requitment of Ubrlp-type ubiquitin protein 
ligases which effect ubiquitination of the target, resulting eventually in the proteasome-dependent 
destruction of the target polypeptide. 



experimental and therapeutic purposes by providing modified ubiquitin protein ligase 
polypeptides which recruit target polypeptides for ubiquitin conjugation and ubiquitin-dependent 
proteolytic degradation by a cellular proteasome. Such modified ubiquitin protein ligases allow 
for the specific and regulated destruction of any target polypeptide which is cloned or for which 
an interaction domain is available. It is a further an object of the invention to provide inhibitors 



A third group of ubiquitin protein ligases are those involved in the degradation 



It is an object of the instant invention to exploit the ubiquitin protein ligases for 
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e^Bch prevent their interaction and/or ubiquTmati 



of ubiquitin protein ligase^^Sch prevent their interaction and/or ubiqufmation of a target protein 
which is present in a host cell. These ubiquitin protein ligase inhibitors allow for the specific 
blocking of ubiquitin-mediated degradation of a target protein and thereby stabilize the level of 
the target protein in the host cell. Therefore, the invention generally provides methods and 
compositions to stimulate a ubiquitin protein ligase activity on a target polypeptide, or to repress 
a ubiquitin protein ligase activity on a target polypeptide. 

2. Summary of the Invention 

The invention generally provides methods for increasing or decreasing a ubiquitin 
protein ligase ubiquitination activity on a target polypeptide. In general, increased ubiquitination 
of a target polypeptide is effected by cis or trans targeting the target polypeptide to a ubiquitin 
protein ligase while decreased ubiquitination of the target polypeptide is effected by contacting 
the target polypeptide with a target polypeptide ubiquitination inhibitor of the invention. 

In a preferred embodiment, the invention provides a method for targeting 
degra dation of a „polypepXi&$Jnjiiy&J>Y providing a ubiquitin protein ligase polypeptide that 
encodes a ubiquitin conjugation activity, ^functionally linking the ubiquitin protein ligase 
polypeptide to a target polypeptide interaction domain that provides a tar^i^olj^ep'fiae* 
recruitment activity, and expressing thelubiquitin protein Hgase]wiyp^ 
interaction domain hybrM^^a^¥rThe hybrid protein recruits the target polypeptide through 
the target polypeptide interaction domain and ubiquitinates the target polypeptide through the 
ubiquitin protein ligase domain. The resulting ubiquitinated target polypeptide is typically further 
subject to ubiquitin-dependent proteolysis by a cellular porteasome. 

In certain embodiments, the ubiquitin protein ligase polypeptide is an E3 ubiquitin 
protein ligase polypeptide, preferrably an SCF polypeptide, a HECT polypeptide, or a UBR1 
polypeptide. In preferred embodiments, the E3 ubiquitin protein ligase polypeptide is an F-box 
polypeptide, preferrably an F-box polypeptide which further comprises afWDMomain. In some 
embodiments, the F-box polypeptide is Cdc4p, Poplp, Pop 2p, Grrlp, Met30p, HOSp, beta 
TrCPp, or FWDlp. In certain embodiments, the F-box polypeptide is a polypeptide which is at 
least 70% identical to a contiguous polypeptide sequence of a polypeptide selected from the 
group consisting of SEQ ID Nos. 2, 4, 6, 8, 10, and 12. In preferred embodiments, the F-box 
polypeptide is encoded by a nucleic acid which is at least 80% identical to a contiguous nucleic 
acid sequence of SEQ ID Nos. 1, 3, 5, 7, 9, and 1 1. In still more preferred embodiments, the F- 
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box polypeptide is encod^roy a nucleic acid which hybridizes, prefefloly under conditions of 
high stringency to a nucleic acid selected from the group consisting of SEQ ID Nos. 1, 3, 577T" 
ICandTIT^^ 

In other embodiments the SCF polypeptide may be any SCF polypeptide subunit, 
such as a mammalian or a yeast Cdc4 polypeptide, Skpl polypeptide or cullin polypeptide. In 
still other embodiments, the ubiquitin protein ligase polypeptide is a HECT polypeptide, 
preferably an E6-AP, a Nedd-4, an RSP5, a Smurfl, a TOM1 or an EDD HECT polypeptide. 
In still other embodiments, the ubiquitin protein ligase polypeptide may be a yeast or a 
mammalian UBR1 polypeptide. 

In some embodiments of the invention, the target polypeptide interaction domain 
is a papillomavirus E7 polypeptide, or an SV40 LTP polypeptide. In preferred embodiments, 
the target polypeptide is a p 107 polypeptide, an LcB polypeptide^ Sicl polpeptide, a Cln2 
polypeptide, an E2 polypeptide or a beta-catenin polypeptide. 

In highly preferred embodiments, the invention provides a method for decreasing 
the level of a target polypeptide by providing an SCF recruitment domain which is operably 
linked to a target polypeptide interaction domain to form an SCF recruitment domain-target 
polypeptide interaction domain fusion protein. This SCF recruitment domain-target polypeptide 
interaction domain fusion protein is expressed and recruits and ubiquitinates the target 
polypeptide such that the level of said target polypeptide is decreased. In preferred 
embodiments, the ^SCF rec ruitment domain is an F-box polypeptide, preferably further 
comprising a WD domain, and still more preferably corresponding to a Cdc4 poiypqpi&^e7a Grrl 
polypeptideTa^opf polypeptide, a Pop 2 polypeptid^TK^ HOS polypeptide, 

a betaTrCP polypeptide or a FWD1 polypeptide. In certain preferred embodiments, the F-box 
polypeptide is at least 70% to a polypeptide of at least 20 contiguous amino acids of a 
polypeptide selected from the group consisting of SEQ ID Nos. 2, 4, 6, 8, 10, and 12; or is an F- 
box polypeptide is encoded by a nucleic acid which hybridizes to a nucleic acid selected from 
the group consisting of 1, 3, 5, 7, 9, and 11. 

The invention further provides a method for creating a destabilized polypeptide 
subject to SCF-mediated proteolysis by operably linking an SCF recruitment domain to target 
polypeptide. The invention further provides a method for expressing a destabilized target 
polypeptide subject to SCF-mediated proteolysis comprising: providing an SCF recruitment 
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i^^linked to a target polypeptide and ex^s 



domain which is operabl^linked to a target polypeptide and expressing the SCF-target 
polypeptide fusion, thereby expressing a destabilized target protein. 

In preferred embodiments, the invention provides nucleic acids for expressing an 
SCF recruitment domain- target polypeptide interaction domain comprising: 
a nucleic acid encoding an SCF recruitment domain; and a nucleic acid encoding a heterologous 
polypeptide domain. In preferred embodiments, the nucleic acid encoding the SCF recruitment 
domain and the nucleic acid encoding the heterologous polypeptide domain are operably linked 
so as to encode an SCF recruitment domain-heterologous polypeptide domain fusion protein. 
In certain embodiments of this aspect of the invention, the encoded heterologous polypeptide 
domain is a target polypeptide. In preferred embodiments, the encoded heterologous polypeptide 
domain is a target polypeptide interaction domain. In other preferred embodiments, the SCT 
recruitment domain is encoded by a nucleic acid which is at least 90% identical to a nucleic acid 
of SEQ ID Nos, 1, 3, 5, 7, 9, or 1 1 . In more preferred embodiments, the SCT recruitment domain 
is encoded by a nucleic acid which hybridizes, preferably under stringent conditions, to nucleic 
acid of SEQ ID Nos. 1, 3, 5, 7, 9, or 1 1. 

In still more other embodiments, the vector comprises a nucleic acid encoding 
an SCF recruitment domain and a cloning site for inserting an heterologous polypeptide encoding 
sequence. 

The invention alsoNnrovides methods of treating a cell to stabilize a target 
polypeptide of ubiquitin protein ligasfe by contacting the cell with a preparation containing an 
effective amount of an organic compoun<Which can competively inhibit interaction of the target 
polypeptide with the ubiquitin protein ligas^ In preferred embodiments, the organic compound 
is a peptide or peptidomimetic, preferably oneovhich is a competitive inhibitor of a WD domain, 
and most preferably one which includes the general chemical strucutre specified by the formula: 
G-H-X (3 ~ 6) -h-X-X-h-X-r-X-t (2 - 3) -p-X-h-h-X-X-XSX-D-X-X-X-X-h-W-D. 

Other features and advantages of the invention will be apparent from the 
following detailed description and claims. 

3, Brief Description of the Figures 

Figure 1 demonstrates that the F-box containing polypeptide Cdc4p is an unstable 
component of the SCF Cdc4p ubiquitin protein ligase complex. 
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Figure 2 s^PTs that Cdc4p is ubiquitinated and proteolytically degraded by the 
proteasome in vivo. 

Figure 3 demonstrates that the Cdc34p/SCF Cdc4p E3 ubiquitin ligase complex is 
required for proteolysis of the Cdc4p F-box protein. 

Figure 4 demonstrates that functional F-box and WD polypeptide domains are 
necessary and sufficient for proteolysis of Cdc4p as well as an heterologous target polypeptide 
(p-galactosidase) fused to Cdc4p. Figure 4D illustrates that an F-box polypeptide-beta- 
galactosidase fusion protein acts as a dominant negative inhibitor of cell growth. 

Figure 5 demonstrates that Grrlp, another F-box containing polypetide, is also 
rapidly degraded by a ubiquitin dependent proteolysis. 

Figure 6 shows the trans-targeting of a target polypeptide (X) through noncovalent 
interaction with a target polypeptide interaction domain (Y). 

Figure 7 demonstrates the trans-targeting of tumor-suppressor retinoblastoma 
(pRB) by either of two retinoblastoma interaction domains: the SV40 Large T antigen 
polypeptide (LTP) (Panel B); or the poapillomavirus oncoprotein E7 amino-terminus (E7N) 
(Panel C). 

Figure 8 demonstrates the trans-targeting of pappillomavirus E2 protein. 

Figure 9 demonstrates: (A) that pTrCP, a human homolog of Cdc4p, is a 
short-lived protein when expressed in a mammalian cell; and (B) that human 0TrCP is localized 
to both the nucleus and cytoplasm of HeLa cells. 

Figure 10 demonstrates the trans-targeting of retinoblastoma tumor suppressor 
(pRB) in mammalian cells and the resulting block of pRB induced growth arrest as indicated by 
cell morphology (panel C). 

Figure 11 demonstrates the trans-targeting of endogenous human pi 07 in 
mammalian cells. 

Figure 12 depicts an exemplary trans-targeting embodiment of the invention. 
Figure 12, panel A depicts a method for modifying the F-box protein Cdc4p by fusion to a target 
polypeptide interaction domain (BP) so as recruit a target polypeptide for ubiquitination and 
proteasome-dependent degaradation. The trans-targeting of Retinoblastoma (panel B) The 
engineered SCF Cdc4p machinery can efficiently target the degradation of Retinoblastoma (panel 
B) or the papillomavirus E2 regulatory protein (panel C) in yeast. 
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4. Detailed Dlscription of the Invention 

4.1. General 

The invention provides compositions and methods for increasing or decreasing 
the rate of ubiquitin-dependent proteolytic degradation of a target polypeptideJnjJigatxelL--. 

In preferred embodiments, the invention provides methods and reagents for 
targeted proteolysis through recruitment of the targeted polypeptide to a protein ubiquitin ligase. 
Preferred protein ubiquitin ligases include E3-type ubiquitin ligases such as the SCF ubiquitin 
ligases, the HECT ubiquitin ligases or the UBR1 ubiquitin ligases. The targeted polypeptide may 
be a natural target of ubiquitination by these ubiquitin ligases or may be a polypeptide which is 
not normally targeted for degradation by ubiquitin conjugation in general or by an E3-type 
ubiquitin protein ligase of the invention in particular. In preferred embodiments, the target 
polypeptide is recruited to an E3 ubiquitin liga^ecomplex either by covalent joining of the target 
polypeptide to a component of the complex |eis targeting) or by nonqovalent association of the 
target polypeptide with a component of the c^plS^trans targeting)}. The invention thereby 
^provi^ gene has 

been cloned or for which an interacting polypeptide is known or can easily b^lucMated by^one 
of skill in the art. The controlled proteolysis of a target protein provides a general method for 
antagonizing a polypeptide activity for therapeutic, diagnostic or research purposes. 

In one aspect of the invention, the invention provides for the cis targeting of a 
polypeptide. In this aspect of the invention, the targeted polypeptide may be joined to a 
component of an SCF (Skpl/Cull 1/F-box protein) which serves as an SCF recruitment domain. 
In preferred embodiments of this aspect of the invention, the SCF recruitment domain is an F- 
box protein and the targeted polypeptide is produced as an F-box fusion protein. The F-box 
polypeptide sequence may be obtained from an F-box-containing protein such as Cdc4p, Grrlp, 
Met30p, HOS (human homolog of Slimb), beta TrCP (Slimb), or FWD1 (mouse beta TrCP). 
Alternatively, an F-box containing polypeptide from a related protein may be used, or a synthetic 
F-box polypeptide sequence, related in structure to Cdc4p, Pop 1, Pop 2, Grrlp, Met30p, HOS, 
beta TrCP, Pop 1, Pop 2 or FWD1 may be used. In certain embodiments, the F-box polypeptide- 
target polypeptide fusion protein includes a WD-40 polypeptide region such as provided by the 
WD repeats of Cdc4p or as can be obtained from a large family of proteins which contain WD 
repeat sequences (see e.g. van der Voorn and Ploegh (1992) FEBS Lett 307: 131-4). 
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In preferrSKmbodiments of the invention, the targetecTpolypeptide is recruited 
to an SCF E3 ubiquitin ligase complex by trans association with at least one component of the 
complex. Preferably, such trans targeting of a polypeptide or polypeptides is effected by fusing 
a "target polypeptide interaction domain" to an F-box polypeptide sequence. The "target 
polypeptide interaction domains" may be readily obtained by screening a library of naturally- 
occurring polypeptide sequence such as by using the yeast two-hybrid methodology (Fields and 
Song (1989) Nature 340:245-6; Gyuris et al. (1993) Cell 75:791-803). Alternatively, synthetic 
interaction domains may be obtained by any of various peptide display selection methods, such 
as phage display, which are known in the art. 

The invention further provides methods and compositions for the inhibition of a 
ubiquitin ligase interaction with a target polypeptide. This aspect of the invention provides 
antagonists of the ubiquitin protein ligase mediated degradation of particular cellular target 
polypeptides. Such antagonists are useful in stabilizing ubiquitin ligase targeted cellular 
polypeptides, such as a tumor suppressor proteins or IkB, the protein inhibitor of NF-kB. In 
certain embodiments, the ubiquitin protein ligase inhibitors of the invention antagonize the 
interaction of an SCF ubiquitin protein ligase and a cellular target. In preferred embodiments, 
the inhibitors antagonize the interaction of an SCF F-box protein and a target polypetpide. For 
example, cellular target polypeptides which interact with an SCF F-box protein include IkB, 
Siclp, Cln2p, and beta-catenin. The F-box interaction /target polypeptide inhibitors of the 
invention are useful in stabilizing such cellular target proteins and they thereby promote a 
bioactivity supplied by the target polypeptide such as a cell cycle inhibitor activity, a cyclin 
activity, a tumor suppressor activity, a Wnt signaling activity or an NF-kB signaling activity. 
The F-box protein/target protein interaction inhibitors of the invention may be, for example, 
dominant negative forms of F-box polypeptides, or peptidomimetic or other small molecule 
inhibitors of an F-box protein/target polypeptide interaction. 

In a related embodiment of the invention, methods and compositions for the 
identification of inhibitors of the interaction between an F-box protein and the other subunits of 
an SCF complex are provided. In this embodiment, inhibitors of SCF complex interaction with 
F-box proteins such as Cdc4p, Pop 1, Pop 2, Grrlp, Met30p, HOS, beta TrCP, Pop 1, Pop 2 or 
FWD1 are identified and used. These inhibitors of F-box protein/target protein and F-box 
protein/SCF complex interaction can be dominant negative forms of F-box polypeptides or 
peptidomimetic or other small molecule inhibitors of the SCF/F-box protein interaction. 
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srrSa embodiment, the method comprises introauc 



In a preferred embodiment, the method comprises intromiting into a host cell a 
chimeric polypeptide which is capable of triggering the degradation of a target polypeptide. In 
an even more preferred embodiment, the chimeric polypeptide recruits the target polypeptide into 
an E3 ubiquitin-protein ligase complex, such that the target polypeptide is ubiquitinated and 
degraded in the target cell. The target cell can be a eukaryotic cell, such as a mammalian cell, 
e.g., a human cell. 

The invention is based at least on the discovery that the expression in a host cell 
of a "chimeric" or "hybrid" polypeptide containing: (i) a domaii^c^a subs^ 
component of an E3 ubiquitin-protein ligase complex, e.g., yeast cdc4p or the human ^protemh^ 



TJTrCP, which domain provides a ubiquitination activity, e.g. by recruiting target proteins into 
an SCF ubiquitin protein ligase complex; and (ii) a domain capable of interacting with a pRB 
retinoblastoma target polypeptide, results in the degradation of the pRb target polypeptide in the 
host cell. 

Accordingly, the invention provides methods and compositions for degrading any 
polypeptide of interest in a eukaryotic cell and can be used for treating any disease or conditions 
in which it is beneficial to degrade a particular polypeptide, e.g, a protein that provides for 
deregulated cellular proliferation 



4.2. Definitions 

For convenience, the meaning of certain terms and phrases employed in the 
specification, examples, and appended claims are provided below. 

The term "agonist", as used herein, is meant to refer to an agent that mimics or 
upregulates (e.g. potentiates or supplements) bioactivity of the protein of interest. An agonist 
can be a wild-type protein or derivative thereof having at least one bioactivity of the wild-type 
protein. An agonist can also be a compound that upregulates expression of a gene or which 
increases at least one bioactivity of a protein. An agonist can also be a compound which 
increases the interaction of a polypeptide of interest with another molecule, e.g, a target peptide 
or nucleic acid. 

"Antagonist" as used herein is meant to refer to an agent that downregulates (e.g. 
suppresses or inhibits) bioactivity of the protein of interest. An antagonist can be a compound 
which inhibits or decreases the interaction between a protein and another molecule, e.g., a target 
peptide, such as interaction between ubiquitin and its substrate. An antagonist can also be a 
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mares expression of the gene of interest or whicn r< 



compound that downregulafes expression of the gene of interest or whicn reduces the amount of 
the wild type protein present. 

The term "allele", which is used interchangeably herein with "allelic variant" 
refers to alternative forms of a gene or portions thereof. Alleles occupy the same locus or 
position on homologous chromosomes. When a subject has two identical alleles of a gene, the 
subject is said to be homozygous for that gene or allele. When a subject has two different alleles 
of a gene, the subject is said to be heterozygous for the gene. Alleles of a specific gene can differ 
from each other in a single nucleotide, or several nucleotides, and can include substitutions, 
deletions, and/or insertions of nucleotides. An allele of a gene can also be a form of a gene 
containing mutations. 

The term "cell death" or "necrosis", is a phenomenon when cells die as a result 
of being killed by a toxic material, or other extrinsically imposed loss of function of a particular 
essential gene function. . 

"Biological activity" or "bioactivity" or "activity" or "biological function", which 
are used interchangeably, for the purposes herein means a catalytic, effector, antigenic or 
molecular tagging function that is directly or indirectly performed by the polypeptides of this 
invention (whether in its native or denatured conformation), or by any subsequence thereof. 

As used herein the term "bioactive fragment of a polypeptide" refers to a fragment 
of a full-length polypeptide, wherein the fragment specifically agonizes (mimics) or antagonizes 
(inhibits) the activity of a wild-type polypeptide. The bioactive fragment preferably is a 
fragment capable of interacting with at least one other molecule, protein or DNA, with which a 
full length protein can bind. 

"Cells," "host cells" or "recombinant host cells" are terms used interchangeably 
herein. It is understood that such terms refer not only to the particular subject cell but to the 
progeny or potential progeny of such a cell. Because certain modifications may occur in 
succeeding generations due to either mutation or environmental influences, such progeny may 
not, in fact, be identical to the parent cell, but are still included within the scope of the term as 
used herein. 

The term "chimeric polypeptide" refers generally to a polypeptide comprising two 
subunits which do not occur together in the same polypeptide in nature, or at least, if present 
within the same polypeptide in nature, wherein the subunits do not occur in the same order in 
nature as in the chimeric polypeptide. When referring to the chimeric polypeptide of the 
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invention, the term refers 




polypeptide comprising at least two 




rtional subunits, a first 



functional subunit which recruits the chimeric polypeptide in an E3 ubiquitin-protein ligase 
complex, and a second functional subunit which binds to a target polypeptide. 

The term "degrading" as used herein is meant to include "inducible degradation" 
and is used to refer to proteolytic degradation as may be facilitated by a component of the 
ubiquitin proteolytic pathway. Such an "inducible degradation," as referred to herein, is meant 
to describe the targeted degradation of a specific "target gene polypeptide." 

A "delivery complex" shall mean a targeting means (e.g., a molecule that results 
in higher affinity binding of a gene, protein, polypeptide or peptide to a target cell surface and/or 
increased cellular or nuclear uptake by a target cell). Examples of targeting means include: 
sterols (e.g. cholesterol), lipids (e.g. a cationic lipid, virosome or liposome), viruses (e.g., 
adenovirus, adeno-associated virus, and retrovirus) or target cell specific binding agents (e.g., 
ligands recognized by target cell specific receptors). Preferred complexes are sufficiently stable 
in vivo to prevent significant uncoupling prior to internalization by the target cell. However, the 
complex is cleavable under appropriate conditions within the cell so that the gene, protein, 
polypeptide or peptide is released in a functional form. 

The term "E3 complex" also referred to herein as "E3 ubiquitin protein ligase 
complex" and "SCF ubiquitin protein ligase complex" ("Skpl-cullin-F-box" protein complex) 
refers to a complex which plays a role in providing the specificity of substrate recognition for 
ubiquitin dependent proteolysis. Examples of E3 complexes include the SCF Cdc4p complex, 
consisting of Skplp, Cdc53p and Cdc4p, a complex which is required for ubiquitination of Siclp 
Other E3 complexes include SCF Grrlp and SCF Met30p , complexes which contain the Skip and 
Cdc53p proteins, as well as the Grrlp and Met30p, respectively. 

The term "E3 substrate recognition subunit," also referred to as a "target 
polypeptide recognition domain" refers to the polypeptide of an E3 complex which provides E3 
substrate specificity. Examples of E3 substrate recognition subunits include Cdc4p, Grrlp, 
Met30p and h-pTrCP. E3 substrate recognition subunits typically contain an F-box. 

The term "E3 ubiquitin protein ligase recruiting domain" used interchangeably 
with "E3 recruiting domain" refers to a domain of an E3 substrate recognition subunit which is 
sufficient for interacting with the other components of an E3 complex to thereby form an E3 
complex. In a preferred embodiment, an E3 recruiting domain comprises an F-box and at least 
one WD repeat. 
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j^^ope" and "epitope tag", as used herein^^i 



The terms Epitope" and "epitope tag", as used herein, are meant to refer to any 
of various convenient molecular markers known in the art, such as hemagluttinin or FLAG, so 
that the level of a polypeptide can be confirmed in a Western blot using, for example, a suitable 
anti-flu or anti-FLAG antibody. 

The term "equivalent" is understood to include nucleotide sequences encoding 
functionally equivalent polypeptides of or functionally equivalent peptides having an activity of 
an — protein such as described herein. Equivalent nucleotide sequences will include sequences 
that differ by one or more nucleotide substitutions, additions or deletions, such as allelic variants; 
and will, therefore, include sequences that differ from the nucleotide sequence of the — gene 
shown in SEQ ID NOs:, due to the degeneracy of the genetic code. 

As used herein, the terms "gene", "recombinant gene" and "gene construct" refer to a nucleic acid 
comprising an open reading frame encoding a polypeptide of the present invention, including 
both exon and (optionally) intron sequences. 

A "recombinant gene" refers to nucleic acid encoding a polypeptide and 
comprising -encoding exon sequences, though it may optionally include intron sequences which 
are derived from, for example, a chromosomal gene or from an unrelated chromosomal gene. 
The term "intron" refers to a DNA sequence present in a given gene which is not translated into 
protein and is generally found between exons. 

"Homology" or "identity" or "similarity" refers to sequence similarity between 
two peptides or between two nucleic acid molecules. Homology can be determined by 
comparing a position in each sequence which may be aligned for purposes of comparison. When 
a position in the compared sequence is occupied by the same base or amino acid, then the 
molecules are identical at that position. A degree of homology or similarity or identity between 
nucleic acid sequences is a function of the number of identical or matching nucleotides at 
positions shared by the nucleic acid sequences. A degree of identity of amino acid sequences is 
a function of the number of identical amino acids at positions shared by the amino acid 
sequences. A degree of homology or similarity of amino acid sequences is a function of the 
number of amino acids, i.e. structurally related, at positions shared by the amino acid sequences. 
An "unrelated" or "non-homologous" sequence shares less than 40 % identity, though preferably 
less than 25 % identity, with one of the ACE-2 sequences of the present invention. 

The term "interact" as used herein is meant to include detectable relationships or 
association (e.g. biochemical interactions) between molecules, such as interaction between 
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protein-protein, protein-m^reic acid, nucleic acid-nucleic acid, and profein-small molecule or 
nucleic acid-small molecule in nature. An interaction can be direct or indirect, i.e., mediated by 
another molecule. Two molecules interacting directly are also referred to as binding to each 
other. 

The term "isolated" as used herein with respect to nucleic acids, such as DNA or 
RNA, refers to molecules separated from other DNAs, or RNAs, respectively, that are present 
in the natural source of the macromolecule. For example, an isolated nucleic acid encoding one 
of the subject polypeptides preferably includes no more than 10 kilobases (kb) of nucleic acid 
sequence which naturally immediately flanks the gene in genomic DNA, more preferably no 
more than 5kb of such naturally occurring flanking sequences, and most preferably less than 
1 .5kb of such naturally occurring flanking sequence. The term isolated as used herein also refers 
to a nucleic acid or peptide that is substantially free of cellular material, viral material, or culture 
medium when produced by recombinant DNA techniques, or chemical precursors or other 
chemicals when chemically synthesized. Moreover, an "isolated nucleic acid" is meant to 
include nucleic acid fragments which are not naturally occurring as fragments and would not be 
found in the natural state. The term "isolated" is also used herein to refer to polypeptides which 
are isolated from other cellular proteins and is meant to encompass both purified and 
recombinant polypeptides. 

The term "modulation" as used herein refers to both upregulation (i.e., activation 
or stimulation (e.g., by agonizing or potentiating)) and downregulation (i.e. inhibition or 
suppression (e.g., by antagonizing, decreasing or inhibiting)). 

The term "mutated gene" refers to an allelic form of a gene, which is capable of 
altering the phenotype of a subject having the mutated gene relative to a subject which does not 
have the mutated gene. If a subject must be homozygous for this mutation to have an altered 
phenotype, the mutation is said to be recessive. If one copy of the mutated gene is sufficient to 
alter the genotype of the subject, the mutation is said to be dominant. If a subject has one copy 
of the mutated gene and has a phenotype that is intermediate between that of a homozygous and 
that of a heterozygous subject (for that gene) , the mutation is said to be co-dominant. 

The "non-human animals" of the invention include mammalians such as rodents, 
non-human primates, sheep, dog, cow, chickens, amphibians, reptiles, etc. Preferred non-human 
animals are selected from the rodent family including rat and mouse, most preferably mouse, 
though transgenic amphibians, such as members of the Xenopus genus, and transgenic chickens 
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can also provide importanOools for understanding and identifying agents which can affect, for 
example, embryogenesis and tissue formation. The term "chimeric animal" is used herein to 
refer to animals in which the recombinant gene is found, or in which the recombinant gene is 
expressed in some but not all cells of the animal. The term "tissue-specific chimeric animal" 
indicates that one of the recombinant genes, e.g., gene encoding a chimeric polypeptide, is 
present and/or expressed or disrupted in some tissues but not others. 

As used herein, the term "nucleic acid" refers to polynucleotides such as 
deoxyribonucleic acid (DNA), and, where appropriate, ribonucleic acid (RNA). The term should 
also be understood to include, as equivalents, analogs of either RNA or DNA made from 
nucleotide analogs, and, as applicable to the embodiment being described, single (sense or 
antisense) and double-stranded polynucleotides. 

The term "nucleotide sequence complementary to the nucleotide sequence set 
forth in SEQ ID No. x" refers to the nucleotide sequence of the complementary strand of a 
nucleic acid strand having SEQ ID No. x. The term "complementary strand" is used herein 
interchangeably with the term "complement". The complement of a nucleic acid strand can be 
the complement of a coding strand or the complement of a non-coding strand. When referring 
to double stranded nucleic acids, the complement of a nucleic acid having SEQ ID No. x refers 
to the complementary strand of the strand having SEQ ED No. x or to any nucleic acid having the 
nucleotide sequence of the complementary strand of SEQ ID No. x. When referring to a single 
stranded nucleic acid having the nucleotide sequence SEQ ID No. x, the complement of this 
nucleic acid is a nucleic acid having a nucleotide sequence which is complementary to that of 
SEQ ID No. x. The nucleotide sequences and complementary sequences thereof are always 
given in the 5 1 to 3' direction. 

The term "percent identical" refers to sequence identity between two amino acid 
sequences or between two nucleotide sequences. Identity can each be determined by comparing 
a position in each sequence which may be aligned for purposes of comparison. When an 
equivalent position in the compared sequences is occupied by the same base or amino acid, then 
the molecules are identical at that position; when the equivalent site occupied by the same or a 
similar amino acid residue (e.g., similar in steric and/or electronic nature), then the molecules 
can be referred to as homologous (similar) at that position. Expression as a percentage of 
homology, similarity, or identity refers to a function of the number of identical or similar amino 
acids at positions shared by the compared sequences. Expression as a percentage of homology, 
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similarity, or identity refei^o a function of the number of identical or similar amino acids at 
positions shared by the compared sequences. Various alignment algorithms and/or programs may 
be used, including FASTA, BLAST, or ENTREZ. FASTA and BLAST are available as a part 
of the GCG sequence analysis package (University of Wisconsin, Madison, Wis.), and can be 
used with, e.g., default settings. ENTREZ is available through the National Center for 
Biotechnology Information, National Library of Medicine, National Institutes of Health, 
Bethesda, Md. In one embodiment, the percent identity of two sequences can be determined by 
the GCG program with a gap weight of 1, e.g., each amino acid gap is weighted as if it were a 
single amino acid or nucleotide mismatch between the two sequences. 

Other techniques for alignment are described in Methods in Enzymology , vol. 
266: Computer Methods for Macromolecular Sequence Analysis (1996), ed. Doolittle, Academic 
Press, Inc., a division of Harcourt Brace & Co., San Diego, California, USA. Preferably, an 
alignment program that permits gaps in the sequence is utilized to align the sequences. The 
Smith- Waterman is one type of algorithm that permits gaps in sequence alignments. See Meth. 
Mol. Biol. 70: 173-187 (1997). Also, the GAP program using the Needleman and Wunsch 
alignment method can be utilized to align sequences. An alternative search strategy uses 
MPSRCH software, which runs on a MASPAR computer. MPSRCH uses a Smith- Waterman 
algorithm to score sequences on a massively parallel computer. This approach improves ability 
to pick up distantly related matches, and is especially tolerant of small gaps and nucleotide 
sequence errors. Nucleic acid-encoded amino acid sequences can be used to search both protein 
and DNA databases. 

Databases with individual sequences are described in Methods in Enzymology , 
ed. Doolittle, supra. Databases include Genbank, EMBL, and DNA Database of Japan (DDBJ). 

Preferred homologous nucleic acids have a sequence at least 70%, and more 
preferably 80% identical and more preferably 90% and even more preferably at least 95% 
identical to an nucleic acid sequence of a sequence shown in one of the sequence listings. 
Nucleic acids at least 90%, more preferably 95%, and most preferably at least about 98-99% 
identical with a nucleic sequence represented in one of the sequence listings are of course also 
within the scope of the invention. In preferred embodiments, the nucleic acid is mammalian. 
In comparing a new nucleic acid with known sequences, several alignment tools are available. 
Examples include PileUp, which creates a multiple sequence alignment, and is described in Feng 
et al., J. MoL Evol. (1987) 25:351-360. Another method, GAP, uses the alignment method of 
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Needleman et al., J. Mol. Biol. (1970) 48: 443-453. GAP is best suiteTfor global alignment of 
sequences. A third method, BestFit, functions by inserting gaps to maximize the number of 
matches using the local homology. 

As used herein, the term "promoter" means a DNA sequence that regulates 
expression of a selected DNA sequence operably linked to the promoter, and which effects 
expression of the selected DNA sequence in cells. The term encompasses "tissue specific" 
promoters, i.e. promoters, which effect expression of the selected DNA sequence only in specific 
cells (e.g. cells of a specific tissue). The term also covers so-called "leaky" promoters, which 
regulate expression of a selected DNA primarily in one tissue, but cause expression in other 
tissues as well. The term also encompasses non-tissue specific promoters and promoters that 
constitutively express or that are inducible (i.e. expression levels can be controlled). 

The terms "protein", "polypeptide" and "peptide" are used interchangeably herein 
when referring to a gene product. The term polypeptide includes peptidomimetics. 

The term "recombinant protein" refers to a polypeptide of the present invention 
which is produced by recombinant DNA techniques, wherein generally, DNA encoding a 
polypeptide is inserted into a suitable expression vector which is in turn used to transform a host 
cell to produce the heterologous protein. Moreover, the phrase "derived from", with respect to 
a recombinant gene, is meant to include within the meaning of "recombinant protein" those 
proteins having an amino acid sequence of a native polypeptide, or an amino acid sequence 
similar thereto which is generated by mutations including substitutions and deletions (including 
truncation) of a naturally occurring form of the polypeptide. 

The term "repression" as used herein is meant to include "inducible repression" 
and is used to refer to transcriptional repression as by a transcriptional repressor such as a DNA 
binding transcriptional repressor which binds a target promoter (a "repressible" promoter) to be 
repressed. 

"Small molecule" as used herein, is meant to refer to a composition, which has 
a molecular weight of less than about 5 kD and most preferably less than about 4 kD. Small 
molecules can be nucleic acids, peptides, polypeptides, peptidomimetics, carbohydrates, lipids 
or other organic (carbon containing) or inorganic molecules. Many pharmaceutical companies 
have extensive libraries of chemical and/or biological mixtures, often fungal, bacterial, or algal 
extracts, which can be screened with any of the assays of the invention, e.g., to identify 
compounds that modulate the interaction between two polypeptides. 
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As used herein, the term "specifically hybridizes" or "specifically detects" refers 
to the ability of a nucleic acid molecule to hybridize to at least approximately 6, 12, 20, 30, 50, 
100, 150, 200, 300, 350, 400 or 425 consecutive nucleotides of a nucleic acid. 

The term "target cell" refers to a cell comprising a target polypeptide, the 
degradation or proteolytic stabilization of which is desired. 

The term "target polypeptide" refers to a polypeptide, the degradation of which 
is desired in a cell. 

A "target polypeptide interaction domain" refers to a polypeptide or 
peptidomimetic that is capable of binding to a target polypeptide. 

As used herein, the term "target gene" refers to the nucleic acid which encodes 
a gene of interest. The target gene can be an "essential" gene, required for continued cell 
viability whose function is to be shut-off by the method of the invention. The term "target gene" 
is used to refer to any cellular gene which may be targeted for inhibition by proteolytic 
degradation of its encoded polypeptide. The target gene may be modified directly to effect 
controlled proteolysis (such as by the fusing the coding sequence to an E3/SCF-recruitment 
domain. The term "target polypeptide" is used interchangeably with the term "target gene 
polypeptide" and refers to the polypeptide gene product of the target gene as described above. 

"Transcriptional regulatory sequence" is a generic term used throughout the 
specification to refer to DNA sequences, such as initiation signals, enhancers, and promoters, 
which induce or control transcription of protein coding sequences with which they are operably 
linked. In preferred embodiments, transcription of a nucleic acid encoding a chimeric 
polypeptide of the invention is under the control of a promoter sequence (or other transcriptional 
regulatory sequence) which controls the expression of the recombinant gene in a cell-type in 
which expression is intended. 

As used herein, the term "transfection" means the introduction of a nucleic acid, e.g., via 
an expression vector, into a recipient cell by nucleic acid-mediated gene transfer. 

As used herein, the term "transgene" means a nucleic acid sequence (encoding, 
e.g., a chimeric polypeptide of the invention) which has been introduced into a cell. A transgene 
could be partly or entirely heterologous, i.e., foreign, to the transgenic animal or cell into which 
it is introduced, or, is homologous to an endogenous gene of the transgenic animal or cell into 
which it is introduced, but which is designed to be inserted, or is inserted, into the animal's 
genome in such a way as to alter the genome of the cell into which it is inserted (e.g., it is 
inserted at a location which differs from that of the natural gene or its insertion results in a 
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knockout). A transgene can also be present in a cell in the form of an episome. A transgene can 
include one or more transcriptional regulatory sequences and any other nucleic acid, such as 
introns, that may be necessary for optimal expression of a selected nucleic acid. 

A "transgenic animal" refers to any animal, preferably a non-human mammal, bird 
or an amphibian, in which one or more of the cells of the animal contain heterologous nucleic 
acid introduced by way of human intervention, such as by transgenic techniques well known in 
the art. The nucleic acid is introduced into the cell, directly or indirectly by introduction into a 
precursor of the cell, by way of deliberate genetic manipulation, such as by microinjection or by 
infection with a recombinant virus. The term genetic manipulation does not include classical 
cross-breeding, or in vitro fertilization, but rather is directed to the introduction of a recombinant 
DNA molecule. This molecule may be integrated within a chromosome, or it may be 
extrachromosomally replicating DNA. In the typical transgenic animals described herein, the 
transgene causes cells to express a chimeric polypeptide or other polypeptide of interest. 
However, transgenic animals in which the recombinant chimeric gene is silent are also 
contemplated, as for example, the FLP or CRE recombinase dependent constructs. Moreover, 
"transgenic animal" also includes those recombinant animals in which gene disruption of one or 
more genes is caused by human intervention, including both recombination and antisense 
techniques. 

The term "treating" as used herein is intended to encompass curing as well as 
ameliorating at least one symptom of the condition or disease. 

The term "wild-type allele" refers to an allele of a gene which, when present in 
two copies in a subject results in a wild-type phenotype. There can be several different wild-type 
alleles of a specific gene, since certain nucleotide changes in a gene may not affect the phenotype 
of a subject having two copies of the gene with the nucleotide changes. 

The term << ubiquitin" as used herein refers to an abundant 76 amino acid residue 
polypeptide that is found in all eukaryotic cells. The ubiquitin polypeptide is characterized by 
a carboxy-terminal glycine residue that is activated by ATP to a high-energy thiol-ester 
intermediate in a reaction catalyzed by a ubiquitin-activating enzyme (El). The activated 
ubiquitin is transferred to a substrate polypeptide via an isopeptide bond between the activated 
carboxy-terminus of ubiquitin and the epsilon-amino group of a lysine residue(s) in the protein 
substrate. This transfer requires the action of ubiquitin conjugating enzymes such as E2 and, in 
some instances, E3 activities. The ubiquitin modified substrate is thereby altered in biological 
function, and, in some instances, becomes a substrate for components of the ubiquitin-dependent 
proteolytic machinery which includes both ubiquitin isopeptidase enzymes as well as proteolytic 
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proteins which are subunits of the proteasome. As used herein, the term "ubiquitin" includes 
within its scope all known as well as unidentified eukaryotic ubiquitin homologs of vertebrate 
or invertebrate origin. Examples of ubiquitin polypeptides as referred to herein include the 
human ubiquitin polypeptide which is encoded by the human ubiquitin encoding nucleic acid 
sequence (GenBank Accession Numbers: U49869, X04803) as well as all equivalents. Another 
example of a ubiquitin polypeptide as referred to herein is murine ubiquitin which is encoded by 
the murine ubiquitin encoding nucleic acid sequence (GenBank Accession Number: X51730). 

The term "ubiquitin conjugation machinery" as used herein refers to a group of 
proteins which function in the ATP-dependent activation and transfer of ubiquitin to substrate 
proteins. The term thus encompasses: El enzymes, which transform the carboxy-terminal 
glycine of ubiquitin into a high energy thiol intermediate by an ATP-dependent reaction; E2 
enzymes (the UBC genes), which transform the El-S~Ubiquitin activated conjugate into an E2- 
S~Ubiquitin intermediate which acts as a ubiquitin donor to a substrate, another ubiquitin moiety 
(in a poly-ubiquitination reaction), or an E3; and the E3 enzymes (or ubiquitin ligases) which 
facilitate the transfer of an activated ubiquitin molecule from an E2 to a substrate molecule or 
to another ubiquitin moiety as part of a polyubiquitin chain. The term "ubiquitin conjugation 
machinery", as used herein, is further meant to include all known members of these groups as 
well as those members which have yet to be discovered or characterized but which are 
sufficiently related by homology to known ubiquitin conjugation enzymes so as to allow an 
individual skilled in the art to readily identify it as a member of this group. The term as used 
herein is meant to include novel ubiquitin activating enzymes which have yet to be discovered 
as well as those which function in the activation and conjugation of ubiqui tin-like or ubiquitin- 
related polypeptides to their substrates and to poly-ubiquitin-like or poly-ubiquitin-related 
protein chains. 

The term "ubiquitin-dependent proteolytic machinery" as used herein refers to 
proteolytic enzymes which function in the biochemical pathways of ubiquitin, ubiquitin-like, and 
ubiquitin-related proteins. Such proteolytic enzymes include the ubiquitin C-terminal 
hydrolases, which hydrolyze the linkage between the carboxy-terminal glycine residue of 
ubiquitin and various adducts; ubiquitin isopeptidases, which hyrolyze the glycine76-lysine48 
linkage between cross-linked ubiquitin moieties in poly-ubiquitin conjugates; as well as other 
enzymes which function in the removal of ubiquitin conjugates from ubiquitinated substrates 
(generally termed "deubiquitinating enzymes"). The aforementioned protease activities function 
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in the removal of ubiquitin units from a ubiquitinated substrate following or during uibiquitin- 
dependent degradation as well as in certain proofreading functions in which free ubiquitin 
polypeptides are removed from incorrectly ubiquitinated proteins. The term "ubiquitin-dependent 
proteolytic machinery" as used herein is also meant to encompass the proteolytic subunits of the 
proteasome (including human proteasome subunits C2, C3, C5, C8, and C9). The term 
"ubiquitin-dependent proteolytic machinery" as used herein thus encompasses two classes of 
proteases: the deubiquitinating enzymes and the proteasome subunits. The protease functions 
of the proteasome subunits are not known to occur outside the context of the assembled 
proteasome, however independent functioning of these polypeptides has not been excluded. 

The term "ubiquitin system" as referred to herein is meant to describe all of the 
aforementioned components of the ubiquitin biochemical pathways including ubiquitin,, 
ubiquitin conjugation machinery, ubiquitin-dependent proteolytic machinery, or any of the 
substrates which these ubiquitin system components act upon. 

The term "vector" refers to a nucleic acid molecule capable of transporting 
another nucleic acid to which it has been linked. One type of preferred vector is an episome, i.e., 
a nucleic acid capable of extra-chromosomal replication. Preferred vectors are those capable of 
autonomous replication and/or expression of nucleic acids to which they are linked. Vectors 
capable of directing the expression of genes to which they are operatively linked are referred to 
herein as "expression vectors". In general, expression vectors of utility in recombinant DNA 
techniques are often in the form of "plasmids" which refer generally to circular double stranded 
DNA loops which, in their vector form are not bound to the chromosome. In the present 
specification, "plasmid" and "vector" are used interchangeably as the plasmid is the most 
commonly used form of vector. However, the invention is intended to include such other forms 
of expression vectors which serve equivalent functions and which become known in the art 
subsequently hereto. 

4.3. Polypetides and Nucleic Acids of the Present Invention 

A chimeric polypeptide of the invention comprises two functional subunits. The 
first functional subunit comprises a polypeptide which allows the chimeric (or "hyrid) 
polypeptide to be targeted into the ubiquitin-dependent proteolysis pathway. This subunit is 
referred to generally as a "ubiquitin protein ligase polypeptide" and is also referred to herein as 
"E3 ubiquitin-protein ligase complex recruitment domain" or also as "E3 recruitment domain", 
or, more specifically as an "SCF recruitment domain" or, still more specifically, as an "F-box 
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polypeptide" or "F-box/WD40 domain". The second functional subunit comprises a polypeptide 
which binds the target polypeptide and thereby recruits the target polypeptide for degradation by 
the ubiquitin-dependent proteolysis pathway. This second subunit is also referred to herein as 
the "target polypeptide interaction domain". The subunits may be derived from naturally- 
occurring polypeptides or may be non-naturally occurring homologs thereof. 

It will be generally appreciated that, under certain circumstances, it may be 
advantageous to provide homologs of an E3 substrate recognition subunit and/or target 
polypeptide binding domain for preparing a chimeric polypeptide of the invention. For example, 
such homologs may be useful when, e.g., a target peptide binding domain also comprises an 
undesirable biological activity. Thus, a chimeric polypeptide of interest derived from non- 
naturally occurring homologs of one or both subunits may induce degradation of a target 
polypeptide with fewer side effects relative to a chimeric polypeptide in which the two functional 
subunits derive from naturally occurring polypeptides. 



mutagenesis, such as by discrete point mutation(s), or by truncation. For instance, mutation can 
give rise to homologs which retain substantially the same, or merely a subset, of the biological 
activity of the polypeptide from which it was derived. Preferred homologs for use in the 
invention include those which are resistant to proteolytic cleavage, as for example, due to 
mutations which alter enzymatic targeting of the protein. Other preferred homologs may have 
post-translational modifications (e.g., to alter phosphorylation pattern of protein). Modification 
of the structure of the subject polypeptides can be for such purposes as enhancing therapeutic or 
prophylactic efficacy, stability (e.g., ex vivo shelf life). 



create derivatives by forming covalent or aggregate conjugates with other chemical moieties, 
such as glycosyl groups, lipids, phosphate, acetyl groups and the like. Covalent derivatives of 
can be prepared by linking the chemical moieties to functional groups on amino acid sidechains 
of the protein or at the N-terminus or at the C-terminus of the polypeptide. 



deletion, or addition. The substitutional variant may be a substituted conserved amino acid or 
a substituted non-conserved amino acid. For example, it is reasonable to expect that an isolated 
replacement of a leucine with an isoleucine or valine, an aspartate with a glutamate, a threonine 
with a serine, or a similar replacement of an amino acid with a structurally related amino acid 
(i.e. isosteric and/or isoelectric mutations) will not have a major effect on the biological activity 
of the resulting molecule. Conservative replacements are those that take place within a family 



Homologs of each of the subject subunit polypeptides can be generated by 



Chimeric polypeptides or subunits thereof may also be chemically modified to 



Modified peptides can be produced, for instance, by amino acid substitution, 
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of amino acids that are remed in their side chains. Genetically encoded amino acids can be 
divided into four families: (1) acidic = aspartate, glutamate; (2) basic = lysine, arginine, histidine; 
(3) nonpolar = alanine, valine, leucine, isoleucine, proline, phenylalanine, methionine, 
tryptophan; and (4) uncharged polar = glycine, asparagine, glutamine, cysteine, serine, threonine, 
tyrosine. In similar fashion, the amino acid repertoire can be grouped as (1) acidic = aspartate, 
glutamate; (2) basic = lysine, arginine histidine, (3) aliphatic = glycine, alanine, valine, leucine, 
isoleucine, serine, threonine, with serine and threonine optionally be grouped separately as 
aliphatic-hydroxyl; (4) aromatic = phenylalanine, tyrosine, tryptophan; (5) amide = asparagine, 
glutamine; and (6) sulfur -containing = cysteine and methionine, (see, for example, 
Biochemistry, 2 nd ed., Ed. by L. Stryer, WH Freeman and Co.: 1981). Whether a change in the 
amino acid sequence of a peptide results in a functional homolog (e.g., functional in the sense 
that it has the specific biological activity required for the particular subunit, i.e., capability to 
form an E3 complex or capability to bind to a target polypeptide) can be readily determined by 
assessing the ability of the variant peptide to peform these biological activities, as further 
described herein. Polypeptides in which more than one replacement has taken place can readily 
be tested in the same manner. 

This invention further contemplates a method for generating sets of combinatorial 
mutants of the subject chimeric polypeptides or functional subunits thereof, as well as truncation 
mutants, is especially useful for identifying potential variant sequences (e.g., homologs). 
Combinatorially-derived homologs can be generated to have an increased potency relative to a 
naturally occurring form of the protein. 

In one embodiment, the variegated library of variants is generated by 
combinatorial mutagenesis at the nucleic acid level, and is encoded by a variegated gene library. 
For instance, a mixture of synthetic oligonucleotides can be enzymatically ligated into gene 
sequences such that the degenerate set of potential sequences are expressible as individual 
polypeptides, or alternatively, as a set of larger fusion proteins (e.g., for phage display) 
containing the set of sequences therein. 

There are many ways by which such libraries of potential homologs can be 
generated from a degenerate oligonucleotide sequence. Chemical synthesis of a degenerate gene 
sequence can be carried out in an automatic DNA synthesizer, and the synthetic genes then 
ligated into an appropriate expression vector. The purpose of a degenerate set of genes is to 
provide, in one mixture, all of the sequences encoding the desired set of potential ACE-2 
sequences. The synthesis of degenerate oligonucleotides is well known in the art (see for 
example, Narang, SA (1983) Tetrahedron 39:3; Itakura et al. (1981) Recombinant DNA, Proc 
3 rd Cleveland Sympos. Macromolecules, ed. AG Walton, Amsterdam: Elsevier pp 273-289; 
Itakura et al. (1984) Annu. Rev. Biochem. 53:323; Itakura et al. (1984) Science 198:1056; Ike 
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et al. (1983) Nucleic AcicTCes. 1 1 'All. Such techniques have been employed in the directed 
evolution of other proteins (see, for example, Scott et al. (1990) Science 249:386-390; Roberts 
et al. (1992) PNAS 89:2429-2433; Devlin et al. (1990) Science 249: 404-406; Cwirla et al. 
(1990) PNAS 87: 6378-6382; as well as U.S. Patents Nos. 5,223,409, 5,198,346, and 5,096,815). 

Likewise, a library of coding sequence fragments can be provided in order to 
generate a variegated population of polypeptide fragments for screening and subsequent selection 
of bioactive (i.e., having the desired biological activity, such as the capability to form an E3 
complex or the capability to bind to a target polypeptide) fragments. A variety of techniques are 
known in the art for generating such libraries, including chemical synthesis. In one embodiment, 
a library of coding sequence fragments can be generated by (i) treating a double stranded PCR 
fragment of a coding sequence of interest with a nuclease under conditions wherein nicking 
occurs only about once per molecule; (ii) denaturing the double stranded DNA; (iii) renaturing 
the DNA to form double stranded DNA which can include sense/antisense pairs from different 
nicked products; (iv) removing single stranded portions from reformed duplexes by treatment 
with SI nuclease; and (v) ligating the resulting fragment library into an expression vector. By 
this exemplary method, an expression library can be derived which codes for N-terminal, C- 
terminal and internal fragments of various sizes. 

A wide range of techniques are known in the art for screening gene products of 
combinatorial libraries made by point mutations or truncation, and for screening cDNA libraries 
for gene products having a certain property. Such techniques will be generally adaptable for 
rapid screening of the gene libraries generated by the combinatorial mutagenesis of homologs 
of chimeric polypeptides or subunits thereof. The most widely used techniques for screening 
large gene libraries typically comprises cloning the gene library into replicable expression 
vectors, transforming appropriate cells with the resulting library of vectors, and expressing the 
combinatorial genes under conditions in which detection of a desired activity facilitates relatively 
easy isolation of the vector encoding the gene whose product was detected. Each of the 
illustrative assays described below are amenable to high through-put analysis as necessary to 
screen large numbers of degenerate sequences created by combinatorial mutagenesis techniques. 

Combinatorial mutagenesis has a potential to generate very large libraries of 
mutant proteins, e.g., in the order of 10 26 molecules. Combinatorial libraries of this size may 
be technically challenging to screen even with high throughput screening assays. To overcome 
this problem, a new technique has been developed recently, recrusive ensemble mutagenesis 
(REM), which allows one to avoid the very high proportion of non-functional proteins in a 
random library and simply enhances the frequency of functional proteins, thus decreasing the 
complexity required to achieve a useful sampling of sequence space. REM is an algorithm which 
enhances the frequency of functional mutants in a library when an appropriate selection or 
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screening method is employ!? (Arkin and Yourvan, 1992, PNAS USA39:781 1-7815; Yourvan 
et al., 1992, Parallel Problem Solving from Nature, 2., In Maenner and Manderick, eds., Elsevir 
Publishing Co., Amsterdam, pp. 401-410; Delgrave et al., 1993, Protein Engineering 6(3):327- 
331). 

The invention provides for the isolation of additional nucleic acids of the 
invention by means of cross-hybridization with at least one nucleic acid provided by the 
invention. For example, high and low stringency methodologies as described in Sanbrook et al. 
(1989) Molecular Cloning; Cold Spring Harbor Press) are generally useful for isolating nucleic 
acids which encode polypeptides for use in the instant invention, e.g. ubiquitin protein ligase 
encoding nucleic acids. For example, related nucleic acids can be obtained by screening a 
genomic or cDNA library by stringent hybridization methodology. Appropriate stringency 
conditions which promote DNA hybridization, for example, 6.0 x sodium chloride/sodium citrate 
(SSC) at about 45°C, followed by a wash of 2.0 x SSC at 50°C, are known to those skilled in the 
art or can be found in Current Protocols in Molecular Biology, John Wiley & Sons, N.Y. (1989), 
6.3.1-6.3.6. For example, the salt concentration in the wash step can be selected from a lo^£ 
stringency of about 2.0 x SSC at 50°C to a high stringency of about 0.2 x SSC at 50°C. In 
addition, the temperature in the wash step can be increased from low stringency conditions at 
room temperature, about 22°C, to high stringency conditions at about 65°C. 

The invention also provides for reduction of the chimeric polypeptides or subunits 
thereof to generate mimetics, e.g., peptide or non-pepide agents, such as small molecules, which 
are able to trigger ubiquitination and degradation of a target polypeptide. Thus, such mutagenic 
techniques as described above are also useful to map the determinants of the functional 
proteins which participate in protein-protein interactions involved in, for example, binding of the 
subject target binding domain to a target peptide. 

4.4. Ubiquitin Protein Ligase / E3 Recruitment Polypeptides 

In a preferred embodiment, the first functional unit, i.e., the E3 recruiting 
domain", of the chimeric protein is derived from a polypeptide component of an E3 ubiquitin- 
protein ligase complex. In a even more preferred embodiment, the first functional subunit of the 
chimeric protein is from a component of the complex which interacts with the substrate to be 
degraded, e.g., the cdc4p, Grrlp, Met30p, h-(5TrCP subunits and homologs thereof. Accordingly, 
in an illustrative embodimentrth^fifsTfiSnctional subunit of a chimeric"protein of the invention 
is a domain of a substrate recognition component of an E3 ubiquitin-protein ligase complex, 
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n^^recruiting the component into the corn^^. 



which domain is sufficient? recruiting the component into the complex. This domain is also 
referred to herein as "E3 substrate recognition domain". 

In a preferred embodiment, the first functional subunit of the chimeric polypeptide 
of theinvention com prises an F-box or portion the reo f sufficient for interaction with a t least one 
other E3 component. In an exemplary embodiment, the first functional subunit comprises at least 
the F-box from the human proteml^PTrCP^corresponding to the polypeptide of SEQ ID NO: 
4 which is encoded by the nucleic acid of SEQ ID No. 3), or homolog thereof or a portion 
thereofPrhis Human proteifTisTEurther described in Margottin et al. (1998) Mol. Cell 1: 565 and 
can be found in GenBank (Accession No. Y14153). The F-box of this protein corresponds to 
amino aci d 148-192 ojf thg^e^uence shown in Margottin et al., supra, or SEQ ID No. 4. Another 
preferred first functional subunit comprises a polypeptide or homolog or portion thereof selected 
from the group consisting of Cdc4p, Grrlp, and Met30p. Yet other F-box containing proteins of 
which the F-box can be included in a chimeric polypeptide of the invention include Cyclin F; 
Skp2p; Popl; C02F5.7; F48E8.7; MD6; YJL149w; N0376; 9934.4; 8039.5; N1161; SconB; 
Scon-2; fim; UFO; C02F5.7; C14B1.3; C17C3.6; C26E6.5; F43C9/1; F48E8.7; K10B2.1; 
T01E8.4; ZK328.7; Ro3D7; MD6; pi 10SEI; E3012.9K; and pTrCP (see, e.g., Margottin et al., 
supra; Bai ^et al. (1 9gfr) Cell 86:263; Kominami et al. (1997), Genes Dev. 11: 1548; Li et al. 
(1997) EMBOJ. 16:5629). The amino acid sequence of WD repeats of the S. cerevisae Met30p, 
Neurospora crassa Scon2p and OazXenopus levi proteinscan be found in Margollis et al, supra. 
Yet other F-box proteins from which portions can be used in the invention include any of the F- 
box containing proteins described in Bai et al., supra, or F-box containing proteins that have not 
been isolated yet. Such proteins can be isolated based on the sequence homology between the 
F-boxes, using methods known in the art and further described herein, e.g., PCR. An alignment 
of the F-boxes indicates the position of conserved residues (see, e.g., Bai et al., supra) 

In another preferred embodiment, the first functional subunit comprises at least 
one WD repeat, or at least a portion thereof sufficient for interaction with at least one other E3 
component. The E3 recruiting domain may also contain at least two, at least three, at least four, 
at least five, at least six or any higher number of WD repeats from an E3 substrate binding 
component. For example, a Cdc4 polypeptide which lacks the three C-terminal WD repeats out 
of the seven WD repeats present in the protein, is capable of forming an E3 complex (Skowyra 
et al. (1997) Cell 91:209). The number of WD repeats that must be included in a chimeric 
protein of the invention, as well as which portion of the repeats must be included, can be 
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determined as described ii^kowyra or as further described herein). Preferred WD repeats for 
use in the invention are included in the h-PTrCP protein having SEQ ID No. 4. As described in 
Margollin et al., supra, the first WD repeat corresponds to amino acids 260-293, the second WD 
repeat corresponds to amino acids 305-333, the third WD repeat corresponds to amino acids 245- 
373, the fourth WD repeat corresponds to amino acids 388-416; the fifth WD repeat corresponds 
to amino acids 428-456, the sixth WD repeat corresponds to amino acids 468-497; and the 
seventh WD repeat corresponds to amino acids 518-546 of the amino acid sequence of the h- 
pTrCP protein. The amino acid sequence of WD repeats of the S. cerevisae Met30p, Neurospora 
crassa Scon2p and the Xenopus levi proteins can also be found in Margollis et al., supra. 

In an even more preferred embodiment, the first functional subunit comprises both 
an F-box and at least one WD repeat, or portions thereof, sufficient for recruitment into an E3 
ubiquitin-protein ligase complex. 

The portion of a substrate recognition component of an E3 ubiquitin-protein ligase 
complex that is necessary and sufficient for recruitment into the E3 ubiquitin-protein ligase 
complex can be determined by several methods well known in the art which do not require undue 
experimentations For example, portions of E3 substrate recognition components can be 
contacted with at least one other component of an E3 ubiquitin-protein ligase complex and their 
level of interaction can be determined and compared to that of the wild-type substrate recognition 
component (as described, e.g, in Margottin et al.) The in vitro assay can be performed with 
purified, semipurified proteins, proteins expressed in a reticulocyte lysate, or expressed in a 
prokaryotic or eukaryotic expression system. Other assays that can be used include cellular 
assays, in which a portion of a substrate recognition unit, e.g., h-pTrCP, is expressed in a cell 
in the form of a fusion protein by being fused to a "marker protein" (e.g., by transfection into the 
cell of an expression construct encoding the fusion protein). The half-life of the fusion protein 
in the cell is then determined. A longer half-life of the fusion protein, relative to a fusion protein 
comprising an essentially full-length h-pTrCP fused to the marker protein, indicates that the 
portion of h-pTrCP is not sufficient for recruitment into an E3 ubiquitin-protein ligase complex. 
These and other assays are further described herein, in particular in the experimental section. 

Homologs of known substrate recognition subunits can be identified using 
methods known in the art. For example, homologs can be cloned by hybridization at moderate 
or high stringency. Homologs can also be cloned by PCR using a low annealing temperature of 
the primers, allowing for hybridization of the primers to nucleic acids allowing for mismatches. 
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It is likely Wat substrate binding components of E3 complexes are localized in 
different cellular compartments. In this case, it may be advantageous for practicing the method 
of the invention, to use an E3 recruiting domain from an E3 substrate binding component that 
is naturally localized in the same cellular compartment as the target protein. Some E3 substrate 
recognition components are also capable of acting in several compartments. For example, h- 
PTrCP is able to target both cytoplasmic (e.g., CD4, as described in the Examples), as well as 
nuclear (e.g., pRb, as described in the Examples) proteins for degradation by the ubiquitin 
proteolytic pathway. Alternatively, it is possible to modify an E3 recruiting domain or the 
chimeric polypeptide itself to target it to the same cellular compartment as that in which the 
target polypeptide is located. For example, a nuclear localization signal can be added to a 
chimeric polypeptide. A chimeric polypeptide can also be targeted to a specific cellular 
compartment by deleting certain cellular localization sequences that might be present in either 
or both of the E3 recruiting subunit or the target polypeptide binding subunit of the chimeric 
polypeptide. Cellular localization sequences are well known in the art and can be identified in 
a polypeptide by, e.g., using computer programs. Cellular localization sequences which can be 
added to a particular polypeptide to alter the cellular localization of the polypeptide are also 
known in the art. Cellular localization sequences are typically short polypeptides. 

Alternatively, new E3 substrate recognition components can be identified, such 
as by assays allowing for the isolation of proteins interacting with other known components of 
E3 complexes. For example, two hybrid assays or phage display techniques can be used to isolate 
such polypeptides (these techniques are further described below). 



4.5. Target Polypeptide Interaction Domains 

The second functional subunit of the chimeric protein of the invention is a domain 
allowing the recruitment of a target polypeptide to an E3 complex in a cell, to thereby degrade 
the target polypeptide by the ubiquitin proteolytic pathway. Accordingly, the only requirement 
for the second functional subunit is that is binds to the target polypeptide with sufficient affinity 
that it recruits the target polypeptide into an E3 complex and thereby causes the target 
polypeptide to be degraded. 

The target polypeptide interaction domain can be, for example, a portion of a 
polypeptide that is known to interact with the desired target polypeptide, or it can be a natural 
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or synthetic polypeptide thaUias been identified by its ability to interactwith the desired target 
polypeptide. 

Methods for identifying polypeptides that interact with a specific target 
polypeptide include yeast and mammalian two hybrid assays, as well as phage display methods. 
These methods present the advantage that the nucleic acid encoding the interacting peptides is 
simultaneously identified, as opposed to other methods. 

Yeast two-hybrid systems may be used to screen a mammalian (typically human) 
cDNA expression library, wherein a cDNA is fused to a GAL4 DNA binding domain or activator 
domain, and a nucleic acid encoding a polypeptide of interest, such as a target polypeptide, is 
fused to a GAL4 activator domain or DNA binding domain, respectively. Such a yeast two- 
hybrid system can screen for cDNAs encoding proteins which bind to polypeptides of interest. 
For example, a cDNA library can be produced from mRNA from a cell line that expresses the 
target polypeptide. Such a cDNA library cloned in a yeast two-hybrid expression system (Chien 
et al. (1991) Proa Natl Acad, Set (U.S.A.) 88: 9578 or Cell 72: 233) can be used to identify 
cDNAs which encode proteins that interact with the target polypeptide and thereby produce 
expression of the GAL4-dependent reporter gene. 

Polypeptides which interact with the target polypeptide can also be identified by 
immunoprecipitation of target polypeptide with antibody and identification of co-precipitating 
species. Further, polypeptides that bind the target polypeptide can be identified by screening a 
peptide library (e.g., a bacteriophage peptide display library, a spatially defined VLSIPS peptide 
array, and the like) with a NF-AT C polypeptide. Accessory proteins may also be identified by 
cross-linking in vivo with Afunctional cross-linking reagents (e.g., dimethylsuberimidate, 
glutaraldehyde, etc.) and subsequent isolation of cross-linked products that include a target 
polypeptide. For a general discussion of cross-linking, see Kunkel et al. (1981) Mol. Cell. 
Biochem. 34: 3, which is incorporated herein by reference. Preferably, the Afunctional cross- 
linking reagent will produce cross-links which may be reversed under specific conditions after 
isolation of the cross-linked complex so as to facilitate isolation of the target polypeptide binding 
protein from the target polypeptide. Isolation of cross-linked complexes that include a target 
polypeptide is preferably accomplished by binding an antibody that binds a target polypeptide 
with an affinity of at least 1 x 10 7 M" 1 to a population of cross-linked complexes and recovering 
only those complexes that bind to the antibody with an affinity of at least 1 x 10 7 M' 1 . 
Identification of polypeptides that are cross-linked to the target polypeptide will then allow the 



366025.1 



33 



newly identified polypepticres to be used as target polypeptide bindingHomains in the method 
of the invention. 

The method of the invention includes various methods for isolating a target 
polypeptide interaction domain with any selected target polypeptide by using techniques which 
are known in the art. Such techniques include the yeast two-hybrid interaction trap and related 
methods, yeast cytoplasmic two-hybrid methods, mammalian two-hybrid methods, Far Western 
protocol methods, phage display technology-based methods, protein trap plus nucleic acid "snag" 
methods, surface plasmon resonance-based biomolecular interaction analysis methods, and 
polypeptide matrix display technologies. Preferred embodiments of the method, including yeast 
and mammalian two-hybrid, protein snag, Far Western and phage display technologies, have the 
distinct advantage of providing for both the rapid identification of a target polypeptide and the 
facile isolation of a corresponding a target polypeptide-encoding nucleic acid. Some of the 
embodiments of the ubiquitin trap method are summarized below in Table 1 . As this table 
illustrates, each embodiment of the ubiquitin trap method employs distinct preferred forms of the 
TAG molecule, which is operably linked to the a target polypeptide, and the optional molecular 
marker which is operably attached to the a target polypeptide. 

As summarized in Table I these general methods of cloning interacting proteins 
by virtue of their affinity for a target protein are all understood to be aspects of the immediate 
invention. 
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TABLE I 



METHOD 


TAG molecule- [target 
poplypeptide] 


Marker molecule- 
[target interaction 
domain] 


Reference 


1. Yeast Two-Hybrid or 
Interaction Trap 


GAL 4 or lex A 
Polypeptide 

[DNA Binding Domains] 


B42, VP 16, or GAL4 
Polypeptide 
[Transcriptional 
Activation Domains] 


(Gyuris et al. (1993) Cell 
75: 791-803) & (Fields et 
al. (1994) I rends m Oen. 
10: 286-92) 


2. Yeast Cytoplasmic 

Two-Hybrid 

[SRS, SOS Recruitment 

System] 


Src Polypeptide 
[myristoylation signal] 


hSos Polypeptide 

[GEF, mammalian guanyl 
nucleotide exchange 
factor] 


(Aronheim et al. (1997) 
Mol. Cell. Biol. 1 /: 3Uy4- 
3102) 


3. Mammalian 
Two-Hybrid 
or Interaction Trap 


GAL 4 or lex A 
Polypeptide 

[DNA Binding Domains] 


VP 16 Polypeptide 
[herpes simplex virus 
transcriptional activator] 


(Luo et al.(1997) 
BioTechniq. 22:350-2) 


4. Far- Western 

[related to Western 
except detection is by 
interaction with a protein 
other than an antibody] 


Radioactive atoms, 
Epitope Tags, Affinity 
Tags 

[e.g. 35 S-met, 32 P, or ,25 I; 
HA or FLAG; or biotin or 
polyHis] 


None, or 

Expression Vector Fusion 
Polypeptide 


(see e.g. Bonardi, et al. 
(1995) Bioch. Biophys. 
Res. Comm. 206: 260-5) 


5. Phage Display 


Affinity Tags 

[e.g. biotin, polyHIS to 
facilitate immobilization 
to a solid support matrix] 


bacteriophage coat 
protein 

[e.g. filamentous phage 
gill or gVIII coat protein] 


(see e.g. Smith (1985) 
Science 228: 1315-17 & 
Johnson et al. (1993) 
Curr. Op in. Struc.Bio. 3: 
564) 


6. Protein Trap + Nucleic 
Acid Snag 

[Affymax Peptide Library 
& Screening Method] 


Affinity Tags 

[e.g. biotin, polyHIS to 
facilitate immobilization 
to a solid support matrix] 


lac repressor protein 

[lad; with lac operator 
incorporated into the 
expression vector] 


(U.S. Patent Nos. 
5,270,170; 5,338,665; & 
5,498,530) 


7# Biomolecular 
Interaction Analysis 

[e.g. Pharmacia BIAcore 
surface plasmon 
resonance detection] 


Aiiiniiy i ags 

[e.g. polyHIS to directly 
link to a Ni-based chip or 
a DNA binding domain to 
link to a detection chip 
via a DNA ohgo] 


IN UI1C, -rt.lllllll.jr 1 ag 

[isolated proteins may be 
used w/o prior 
modification; method of 
producing protein may, in 
some instances introduce 
an affinity purification 
tag] 


t 3VC i. IVtldll VI dim 

(1998) Curr. Op in. 
Biotechnol. 9: 97-101 & 
Schuck (1997) Annu. Re. 
Biophys. Biomol. Struct. 
26: 541-66) 


8. Peptide Matrix 

Arrays 
[e.g. Afrymax 
combinatorial peptide 
matrix arrays] 


None; or modified to 
support detection 
[e.g. fluorsescently 
tagged] 


Solid Support Matrix 
[in situ synthesis of 
random polypeptides an 
associated identification 
tag address] 


(e.g. U.S. Patent Nos 
5,653,939; 5,679,773; 
5,690,894; 5,708,153; & 
5,744,305) 
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The various embodiments of the various target polypeptide interaction domain 
isolation methods as summarized in Table I and discussed in general above, are described in 
detail below. 

In a preferred method, a target polypeptide interaction domain is obtained using 
the yeast "two-hybrid" or "interaction trap" method. Specific protein-protein interactions are 
essential to the function of important cellular processes. The yeast two-hybrid or interaction trap 
assay has been developed as a means of detecting specific protein-protein interactions thereby 
allowing for the assessment of such interactions between known components of a biochemical 
pathway or macromolecular assemblage as well as allowing for the cloning of novel components 
of such pathways and assemblages. One aspect of the present invention pertains to the use of 
target polypeptide to clone other target polypeptide system proteins including proteins of the 
target polypeptide conjugation machinery and proteins of the target polypeptide proteolytic 
machinery as well as the substrates thereof. In a preferred embodiment of the invention, 
mammalian target polypeptide is used as the "bait" in a two hybrid or interaction trap cloning 
procedure. Briefly, the yeast two-hybrid assay relies upon the detection of a transcriptional 
activation signal delivered to a reporter gene. This transcriptional activation signal is generated 
by the reconstitution of a reporter gene-specific transcriptional activator from covalently separate 
DNA binding and transcriptional activation domains via a specific protein-protein interaction. 
The yeast two-hybrid assay has been applied to the analysis of a number of important cellular 
processes, including the proteins responsible for the regulation of the cell cycle (see e.g. U.S. Pat 
Nos. 5,580,736 & 5,695,941 (Brent)) and proteins involved in a macromolecular complex which 
controls the binding of transcriptional activators to chromatin (see e.g. the Example section of 
U.S. Pat. No. 5,667,973 (Fields and Song)). 

Two-hybrid or Interaction trap systems are based on the finding that most 
eukaryotic transcription activators are modular and can be divided into two distinct domains, a 
DNA binding domains and a transcriptional activation domain. Furthermore, it has been shown 
that the DNA binding domain does not have to be covalently linked to the activation domain, so 
long as the two separate polypeptides interact with one another, for the complex to function as 
a transcriptional acitvator, (Ma et al. (1988) Cell 55:443-446). The interaction trap system relies 
upon this fact to clone proteins which interact with one another by virtue of their ability to 
noncovalently reconstitute a transcriptional activator when they are independently fused to the 
two distinct domains of a "third party" synthetic transcriptional activator. In particular, the 
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method makes use of two chimeric genes which independently express a UNA binding domain 
hybrid protein and a transcriptional activation domain hybrid protein. 



binding protein, such as the bacterial repressor protein lexA, fused in frame to the coding 
sequence for a target polypeptide polypeptide, such as the polypeptide target polypeptide itself 
as a particular example of the method. The second hybrid gene comprises the coding sequence 
for a transcriptional activation domain, such as the transcriptional activator sequence B42 (Ma 
and Ptashne (1987) Cell 51:113-119), fused in frame to a sample gene from a cDNA library 
which encodes a selection of test polypeptides representing various target polypeptide interaction 
domain candidates. The target polypeptide polypeptide of the first hybrid gene is commonly 
referred to as the "bait" while the polypeptide product of the sample gene component of the 
second hybrid gene is commonly referred to as the "prey". The first hybrid gene can also be 
thought of as expressing a specific form of the "target polypeptide trap" of the present invention 
as it generally conforms to the above stated definition of a target polypeptide trap (ie. target 
polypeptide-TAG, wherein the target polypeptide moiety is target polypeptide and the TAG 
entity is the lexA DNA binding domain). Both the first hybrid gene and the second hybrid gene 
are expressed simultaneously in a yeast cell. If the bait and prey hybrid proteins are able to 
interact, e.g., form a target polypeptide/target polypeptide-interacting protein complex, they bring 
into close proximity the lexA DNA binding domain and the B42 synthetic activation domain, 
thereby reconstituting a transcriptional activator protein with the DNA recognition specificity 
of lexA. A third hybrid gene contained in the same yeast cell is then used to detect the presence 
of this "noncovalently" reconstituted transcriptional activator. The third hybrid gene comprises 
a reporter gene which is operably linked to a DNA sequence comprising a binding site for the 
DNA-binding domain of the first hybrid gene, in this case the lexA operator. The 
"noncovalently" formed transcriptional activator (in this case lexA//B42) recognizes this lexA 
DNA binding sequence linked to the reporter and causes the expression of this third hybrid 
reporter gene which can be detected and used to score for the interaction of the GLC1A and 
sample proteins. 



operably linked to the same DNA binding recognition sequence, are present in the same yeast 
cell in the presence of the first and second hybrid genes. As an example, one of the reporters 
could encode an easily assayed heterologous enzyme activity, such as the bacterial lacZ gene 
which encodes a beta-galactosidase enzyme activity capable of being detected and measured 



To illustrate, a first hybrid gene comprises the coding sequence for a DNA- 



In a preferred embodiment of the invention, two or more reporter genes, each 
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il^rcrte such as X-gal which is converted to z^^u 



using a chromogenic substrate such as X-gal which is converted to aoTue chromophore in the 
presence of beta-galactosidase enzyme activity. Further, the same cell could contain a second 
reporter gene comprising the coding sequence for the yeast LEXJ2 gene. The same haploid yeast 
cell would also preferably contain a deleted or otherwise mutant allele of the naturally occurring 
chromosomal copy of the LEU2 gene, thereby making growth on leucine deficient media solely 
dependent upon expression of the LEU2 hybrid reporter gene. If the product of a first hybrid 
gene, lexA-target polypeptide for example, interacts with the product of a second hybrid gene, 
the synthetic activator B42 fused to a target polypeptide conjugating enzyme (UBC or 
E2activity) for example, then the resulting reconstituted third party transcriptional activator 
lexA//B42, would bind to and activate both of the third hybrid gene reporters resulting in both 
the complementation of this yeast strain's leucine auxotrophic phenotype, due to activation of 
the LEU2 reporter, and blue colony color on X-GAL containing media, due to activation of the 
LacZ reporter. 

In another embodiment of this two hybrid or interaction trap screen, one of the 
two third hybrid gene reporters is the yeast HIS3 gene and the haploid yeast cell also contains 
a deleted or otherwise mutant allele of the naturally occurring chromosomal copy of the HIS3 
gene, thereby making growth on histidine deficient media solely dependent upon expression of 
the HIS3 hybrid reporter gene. In this instance, the protocol can be adapted for use either with 
first hybrid genes which otherwise independently (i.e. cryptically) weakly activate transcription 
on their own in the absence of the second hybrid gene product or in the specific identification and 
isolation of proteins that interact with the product of the first hybrid gene to such a degree that 
the resulting expression of the third hybrid gene reporters is of a sufficient strength so as to 
surpass a predetermined threshold. These applications are made possible by the addition of 
Aminotriazole (3-amino-l,2,4-triazole or 3-ATZ) to the media used in the screen. 3- 
Aminotriazole is a competitive inhibitor of the histidine anabolic enzyme activity encoded by 
the Saccharomyces cerevisiae HIS3 gene product (see e.g. Erickson and Hannig (1995) Yeast 
11: 157-67). The addition of 3-ATZ to media lacking histidine results in a condition where the 
abovementioned yeast strain must evince sufficiently strong interaction between the first and 
second hybrid gene products so as to create a sufficiently high steady state level of the 
reconstituted third party transcriptional activator, thereby stimulating HIS3 reporter expression 
sufficiently so as to overcome the competitive inhibition of the HIS3 gene product by 6-ATZ. 
As stated above, this technique is also adaptable to instances wherein the abovementioned target 
polypeptide-TAG first hybrid gene product is sufficient to cause activation of the third hybrid 
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gene reporters on its own,^TChe absence of a second hybrid or "prey gene product. In this 
instance where the "bait" is found to cryptically activate transcription on its own, or is known 
to function naturally as a transcriptional activator, 3-ATZ can be added to suitable media lacking 
histidine until the appropriate level of 3-ATZ sufficient to block the level of activity of the 
product of the HIS3 reporter expressed in the presence of the first hybrid gene alone. This level 
of 3-ATZ can then be added to the media on which the two hybrid screen is performed so that 
complementation for growth on histidine deficient media now depends upon the higher levels 
of expression of the HIS 3 reporter obtained when the product of the first hybrid gene interacts 
with the product of the second hybrid gene as compared to the level of expression obtained from 
the HIS 3 reporter in the presence of the first hybrid gene alone. 

In other embodiments of this two hybrid or interaction trap version of the target 
polypeptide trap method, any of a number of the elements of the system can be modified. For 
example, Fields and his coworkers (see e.g. U.S. Pat No. 5,667,973) devised one version of the 
interaction trap in which the DNA binding entity of the first hybrid gene product is the DNA 
binding domain of the yeast transcriptional activator GAL4, but can otherwise be the DNA 
binding domain of any transcriptional activator having separate DNA-binding and transcriptional 
activation domains such as those of the yeast GCN4 and ADR1 proteins, and the transcriptional 
activation domain of the second hybrid gene product is the GAL4 transcriptional activation 
domain. In this case, a yeast strain which is null or deficient for its normal chromosomal copy 
of the GAL4 gene and which contains first and second hybrid gene clones encoding bait and prey 
products that interact, can be selected for directly on media containing galactose as the sole 
carbon source because the reconstiuted third party transcriptional activator (GAL4 DNA 
BIND//GAL4 TSX ACT) will drive expression of the necessary galactose catabolic enzyme 
activities including the products of the GAL1 and GAL 10 genes. If the same yeast strain also 
contains a GALl-lacZ third hybrid gene reporter, then these same transformants can also be 
screened for blue color on X-gal/galactose media where the intensity of blue color detected will 
be directly related to the strength of the interaction between the products of the first and the 
second hybrid gene. In some instances, it may be preferable that the yeast contain another hybrid 
gene, such as GAL1-HIS3, in which the GAL1 transcriptional regulatory sequences are fused to 
the structural gene of HIS3. This third hybrid gene allows for direct selection of target 
polypeptide-interacting target polypeptide interaction domain prey second hybrid genes by 
growing the yeast strain on galactose media in the absence of exogenous histidine. In this 
particular example, the use of 3-ATZ in the growth media, as described above, can be applied 
366025.1 39 



i^^wbrid gene alone serves as a weak transc^^H 



in situations where the fiisrciybrid gene alone serves as a weak transcriptional activator or where 
only very strong target polypeptide-iitferacting target polypeptide interaction domains are 
desired. 

The method of the present invention allows for the use of any of a number of 
different reporter genes whose expression is driven by the physical association of the first and 
second hybrid genes. The choice of reporter gene will depend upon the particular circumstances 
such as the ease of selection or assay of such genes. Such genes include, without limitation, lacZ, 
amino acid biosynthetic genes (e.g. the yeast LEU2, HIS3, TRP1, or URA3 genes, nucleic acid 
biosynthetic genes, the mammalian chloramphenicol acetyltransferase (CAT) gene or GUS gene, 
or any surface antigen gene for which specific antibodies are available. Reporter genes may 
encode any enzyme that provides a phenotypic marker, for example, a protein that is necessary 
for cell growth or a toxic protein leading to cell death, or one encoding a protein detectable by 
color assay or one whose expression leads to an absence of color. Particularly preferred reporter 
genes are those encoding fluorescent markers, such as the GFP gene (Green Fluorescent Protein 
gene and variants thereof). Reporter genes may facilitate either a selection or a screen for 
reporter gene expression, and quantitative differences in reporter gene expression may be 
measured as an indication of interaction affinities. 

It is understood that the method of the present invention allows for the use of any 
of a number of DNA binding domains in the construction of the first hybrid gene. Thus, in 
addition to lexA and GAL4 DNA binding domains, other DNA binding domains that are well 
known in the art include the DNA binding portions of the proteins ACE1, (CUP1), lambda cl, 
lac repressor, jun, fos, or GCN4. The method provides for the use of these alternative DNA 
binding domains by way of additionally altering the third hybrid or reporter gene construct (or 
constructs) such that it contains a fragment of DNA encompassing the binding site of the 
alternative DNA binding domain, and wherein said binding site is operably linked to the reporter 
gene(s). 

The molecular marker of th^test polypeptide is meant to facilitate identification 
of a target polypeptide interaction domain ancPisolation of its encoding nucleic acid. In the yeast 
two-hybrid embodiment of the target polypeptide trap invention, the molecular marker is 
typically a transcriptional activation domain whiclminctions in yeast and which is a component 
of the second hybrid gene. It is understood that the second hybrid gene of the present invention 
can encode any of a number of alternative transcriptionaKactivation domains including the GAL4 
transcriptional activation domain region II, the strong transcriptional activator VP 16, the weak 

366025.1 40 



tc^^ors $17 and Bl 12, or the amphipathic^^> 



synthetic transcriptional actuators BV7 and Bl 12, or the amphipathic HBTix domain described 
in Giniger and Ptashne ((1987) Nature 330:670). Modifications of the transcriptional activation 
can be particularly useful when attempting to either increase or decrease the sensitivity of the 
target polypeptide trap screen. In the method of the present invention the second hybrid gene may 
further contain, in addition to a transcriptional activation domain, an optional nuclear localization 
sequence, such as that of the SV40 Large 1^ antigen encoded by the amino acid sequence 
PPKKKRKVA, which allows for the requisite partitioning of the product of the second hybrid 
gene in cases where the prey moiety is normally ^cclusively cytoplasmic. The second hybrid 
gene may additionally contain an epitope tag, such a^hemagluttinin or FLAG, so that production 
of full length second hybrid gene prey products Van be confirmed in a Western blot. 
Furthermore, as explained below, the prey epitope tag V ov ides a convenient means of testing 
for covalent linkage of the bait and prey moieties as is anticipated in some applications of the 
method of this invention. This determination is convenientlV made by means of a Western blot 
analysis and provides a biochemical means of classifying tft^ clones obtained from a target 
polypeptide trap screen. 

It is further understood that in the method of the present invention the nature of 
the sample gene cDNA used in constructing the second hybrid gene can be tailored to various 
applications of the target polypeptide trap cloning method. In particular, cDNAs may be 
constructed from any mRNA population and inserted into an equivalent vector for the expression 
of the second hybrid gene. Such a library of choice may be constructed de novo using 
commercially available kits (e.g., from Stratagene, LaJolla, CA) or using well established 
preparative methods. Alternatively, a number of cDNA libraries (from a number of different 
organisms) are publicly and commercially available; sources of libraries include, e.g. Clontech 
(Palo Alto, CA) and Stratagene (La Jolla, CA) as well as publicly available libraries such as those 
described and summarized on the internet (see 
www. fccc . edu/research/labs/go lemis AT libraries .html). 

It is worth noting that many commercially available yeast two-hybrid systems 
have been created, many of which have particular advantages and all of which are understood 
to be adaptable to, and therefore aspects of, the present invention. For example, the Invitrogen 
(Carlsbad, CA) Hybrid Hunter™ System makes use of the drug Zeocin and a drug resistance 
marker (Zeo R ) to maintain selection for the first hybrid gene encoding vector. This modification 
of the method allows greater compatibility with other yeast two-hybrid libraries (i.e. prey or 
second hybrid gene encoding vector systems) as well freeing a useful selectable prototrophy 
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marker for use in modifications of the standard two hybrid protocol. Such modifications of the 
standard two hybrid protocol may involve, for example, the introduction of a library of test 
polypeptides to identify proteins capable of potentiating a target polypeptide interaction with 
another protein it would not normally directly interact with (see e.g. the "three hybrid" system 
described in SenGupta et al. (1996) Proc. Natl. Acad. Sci. USA 93: 8496-8501). This 
modification of the system may be useful in identifying polypeptide agonists of the target 
polypeptide system. Alternatively, a library of test polypeptides may be introduced into a yeast 
strain already expressing a target polypeptide/target polypeptide interaction domain first hybrid 
gene/second hybrid gene interaction pair and polypeptides capable of disrupting this interaction 
may be selected (see e.g. the "split hybrid" system described in Shih et al. (1996) Proc. Natl. 
Acad. Sci. USA 93: 13896-901). This modification of the system may be useful in identifying 
polypeptide antagonists of the target polypeptide system. Still other methods for identifying 
molecular agonists and antagonists of the target polypeptide system are described in further detail 
in the diagnostic and therapeutic applications section. These alternative approaches to the 
development of therapeutic applications are herein incorporated into those sections. 

It is further noted that the prey proteins do not need to be naturally occurring full- 
length polypeptides. For example, a prey protein may be encoded by a "domain" library of small 
partial cDNA sequences which can be obtained by internal priming of cDNA synthesis with 
random (non-polyT) primers and selection of appropriate sized partial cDNA fragments (e.g. 
<lkb). Alternatively the prey entity encoded by the second hybrid gene may correspond to a 
synthetic sequence or may be the product of a randomly generated open reading frame or a 
portion thereof. This particular embodiment is also usefully employed in the development of 
therapeutics which modulate the activity of the target polypeptide trap moiety. This particular 
embodiment of the target polypeptide trap method, in which a purely synthetic target polypeptide 
system interacting protein is sought, is also readily adapted to the phage display and peptide 
matrix display embodiments of the present invention. 

In still other applications of the yeast two-hybrid system, the first and second 
hybrid genes are independently expressed in haploid yeast strains of opposite mating type. For 
example, a single homogeneous strain expressing a first hybrid gene (target polypeptide-TAG) 
"bait" can be established by transforming a yeast strain having the appropriate two-hybrid driven 
(e.g. GAL4 OP or lexA op -driven) third hybrid gene selectable markers and/or reporters with the 
first hybrid gene encoding vector. A heterogeneous population of second hybrid gene expressing 
yeast cells is then created by means of high efficiency transformation of a second haploid yeast 
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strain of opposite mating type. This heterogeneous population is then mated to the yeast strain 
of opposite mating carrying the first hybrid gene. Test polypeptides encoded by the second 
hybrid gene population which constitute target polypeptide-interacting target polypeptide 
interaction domain's can be selected for by requiring expression of the third hybrid gene 
selectable marker. This can be achieved by plating on the appropriate selective media. This 
"mass mating" protocol obviates repetition of the most difficult step (i.e. high-efficiency 
transformation of a yeast strain with a second hybrid gene encoding "prey" library) when 
performing repeated screen with different target polypeptide first hybrid gene "baits". Thus 
many different target polypeptide trap targets can be screened simultaneously or in rapid 
progression. This configuration thus facilitates many embodiments of the target polypeptide trap 
method - such as the use of a target polypeptide interaction domain, obtained in a first round of 
screening with the target polypeptide trap method, as a target polypeptide in a subsequent round 
of screening. This technique also facilitates the assembly of a "global grid" analysis of the entire 
target polypeptide system where the potential interaction of every target polypeptide system 
protein is tested against every other target polypeptide system protein revealing every point of 
interaction in the target polypeptide biochemical pathway network. Indeed, it is a goal of the 
yeast two-hybrid analysis of the target polypeptide system described here to develop a hierarchy 
of systematic matings assays. This "Global Grid" would provide a first-step functional 
characterization of each component as it is identified. Specific examples of this analysis are 
described in the Examples section of this application. 

Since other eukaryotic cells use a mechanism similar to that of yeast for 
transcription, such cells, including mammalian cells such as HeLa, can be used instead of yeast 
to test for protein-protein interactions with the target polypeptide trap invention. In particular, 
the method of the present invention can be employed in a mammalian two-hybrid assay (Luo et 
al., (1997) Biotechniques 22:350-352). In this adaptation of the yeast two-hybrid system, the 
proteins of the first and second hybrid genes are expressed from mammalian promoters in a 
mammalian cell. As in the yeast nuclear two-hybrid method described above, the target 
polypeptide-TAG is encoded by a first hybrid gene, in which the TAG moiety is a polypeptide 
DNA binding domain, and a library of test polypeptides is expressed by a population of second 
hybrid genes comprising a collection of cDNA sequences fused to a polypeptide transcriptional 
activation domain. In one example of a preferred embodiment, interaction of the prey tagged 
with a VP 16 transcriptional activation domain with a bait fused to a GAL4 DNA binding domain 
drives expression of reporters that direct the synthesis of Hygromycin B phosphotransferase, 

366025.1 43 



Chloramphenicol acetyltransferase, or CD4 cell surface antigen (Fearon et al. (1992) PNAS 
89:7958-62). In another, interaction of these first and second hybrid gene products drives the 
synthesis of SV40 T antigen, which in turn promotes the replication of the prey plasmid, which 
carries an SV40 origin (Vasavada et al. (1991) PNAS 88:10686-90). Suitable promoters for 
expression of the first hybrid gene bait and the second hybrid gene prey in mammalian cells 
include strong viral promoters such as those from CMV and SV40 (refs.?????) or weaker cellular 
promoters such as that from the tk (thymidine kinase) gene. The vectors that express these 
hybrid gene products are cotransfected with a third hybrid gene encoding a reporter such as 
chloramphenicol acetyltransferase (CAT) or beta-galactosidase into a mammalian cell line. The 
reporter of the third hybrid gene, which contains upstream DNA binding sites specific for the 
DNA binding domain of the first hybrid gene, can alternatively be integrated into the mammalian 
genome by prior transfection, selection, and clonal isolation and characterization. If the two 
hybrid gene products interact, there will be a significant increase in the expression of the reporter 
gene which can be detected and assayed using the appropriate reagents. This technique, by using 
small tissue culture samples, can be adapted for use in high throughput screens. The mammalian 
two-hybrid has two main advantages: assay results can be obtained within 48 hours of 
transfection and protein interactions in mammalian cells may better mimic actual in vivo 
interactions, particularly in the case where the relevant interaction is dependent upon mammalian 
post-translational modifications (including phosphorylations and glycosylations) of the first 
and/or second hybrid gene product or in instances where the products of the first and second 
hybrid gene interact indirectly through joint contact with a third molecule (such as a protein) 
which is endogenous to mammalian cells but not to yeast cells. 

The conventional two-hybrid system, as described above, is based on a 
transcriptional readout and may not be suitable for either identifying transcriptional repressors 
or analyzing the binding partners of a transcriptional activator. A transcriptional repressor may, 
for example, prevent transcriptional activation resulting from recruitment of the second hybrid 
gene product's polypeptide transcriptional activation domain, while a target polypeptide which 
functions as a transcriptional activator may mask transcriptional activation resulting from 
productive recruitment of a second hybrid gene's target polypeptide interaction domain- 
polypeptide transcriptional activation domain. A novel screen for detecting protein-protein 
interactions that is not based directly on the formation of a hybrid transcriptional activator has 
been developed by Michael Karin and his colleagues and termed the SRS or SOS recruitment 
system (Aronheim et al. (1997) Mol. Cell. Biol. 17:3094-3102). As summarized in Table I, in 
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this embodiment of the targerpolypeptide trap, the polypeptide TAG i^ypically a Src derived 
polypeptide myristoylation signal, which when expressed in vivo is joined to a membrane lipid 
and directed to the cell membrane; while the target polypeptide interaction domain molecular 
marker is typically a guanyl nucleotide exchange factor such as mammalian hSos. This 
cytoplasmic two hybrid assay system involves the use of a defective ras/raf cytoplasmic signaling 
pathway in yeast. (White, et al. (1995) Cell 80:433-541). In this system, the mammalian guanyl 
nucleotide exchange factor (GEF) hSos is recruited to the plasma membrane in a Saccharomyces 
cerevisiae strain harboring a temperature-sensitive Ras GEF. At nonpermissive temperatures, 
the Cdc25-2 allele of Ras GEF is inactive and thus growth becomes dependent on the ability of 
a heterologous protein/protein interaction to facilitate recruitment of hSos to the plasma 
membrane, resulting in the stimulation of the Ras-dependent signaling cascade. The two hybrid 
genes necessary to utilize this system are analogous to the first and second hybrid genes of the 
yeast two-hybrid method described above, except a membrane localization signal, as opposed 
to a transcriptional activation signal, is reconstituted from these two components as detailed 
below. In the SRS system the first hybrid gene corresponds to a DNA encoding a myristoylation 
signal, such as that from Src, which is fused in frame to the coding sequence of a known protein 
of interest (or "bait"). In a preferred embodiment of the present invention, the bait is target 
polypeptide and the first hybrid gene is a Src myristoylation signal-target polypeptide fusion. 
The second hybrid gene of the SRS technique is comprised of the coding sequence for hSos fused 
in-frame to the coding sequence of a sample gene from a cDNA library (or "prey"). Because the 
interaction of bait and prey is assayed by reconstitution of a cytoplasmic signal transduction 
pathway necessary for growth and not a nuclear transcriptional activation activity, this 
embodiment is particularly well suited to the use of target polypeptide polypeptides which have 
transcriptional activator or transcriptional repressor properties which interfere with a 
conventional two-hybrid assay readout. This technique also has the advantage of avoiding 
problems occurring with second hybrid gene products which otherwise independently cause 
activation of third hybrid gene reporters. In particular, although the problem of "cryptic" 
activation by the bait is avoidable when using HIS3 as a reporter in the presence of aminotriazole 
as described above, there is otherwise no way of completely avoiding a nonspecific background 
of positive prey clones of a type which further test nonspecific for the original bait. Detection 
of an interaction of such a prey clone with the target polypeptide-TRAP product of the first 
hybrid gene using the cytoplasmic two hybrid detection method avoids "false negatives" from 
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this class of proteins whicKppears to nonspecifically activate reporter genes when allowed to 
localize to the nucleus. 

There exist a number of techniques, known in the art, for cloning genes from 
conventional lambda cDNA expression libraries (such as lambda gtl 1) by virtue of the ability 
of their encoded gene product to interact with a protein or proteins of interest. These assays are 
essentially modifications of a traditional "Western" protocol (see e.g. Sambrook et al. Molecular 
Cloning: A Laboratory Manual CSH Press) except a non-antibody protein is substituted for the 
antibody used in the detection phase of the assay. It is understood that the method of the present 
invention includes such screening and cloning techniques as applied to screens employing a 
target polypeptide trap target probe. As summarized in Table I, such "Far-Western" 
embodiments of the target polypeptide trap method employ radioactive atoms, epitope tags or 
affinity tags to serve as target polypeptide "TAG" entities, and require no specific molecular 
marker moiety to mark the target polypeptide interaction domain candidate polypeptides. In 
many cases, however, the target polypeptide interaction domain polypeptides are from phage 
cloning vectors (e.g. X gtll) as fusions to expression vector polypeptide-encoding sequences 
such as LacZ or LacZ fragments. Traditional "Far- Western" screening techniques typically 
employ phage lambda cDNA libraries produced from various sources of cellular mRNA, 
depending upon the application. These libraries are then plated at a low m.o.i. (multiplicity of 
infection) on a suitable bacterial host (e.g. E. coli XL-1 blue or BL21 (DE3) pLysE) so as to 
produce a high density of plaques. Typically about 1 million such plaques must be obtained for 
a fully representative sampling of cDNA species. The cDNA insert in such cloning vectors is 
typically under the control of a Lac I (Lac operon repressor) repressible promoter (e.g. that 
provided by the lac operator). Following the formation of lytic plaques (e.g. typically requiring 
incubation for 8 hours at 37 degrees Celcius (C)), nitrocellulose filters which have been 
presoaked in lOmM IPTG are overlayed on the plates. The IPTG induces expression of the 
cDNA species encoded by the phage lambda under the control of the lac promoter. The resulting 
plates are then incubated an additional 12-16 hours at 37 degrees C, and the nitrocellulose filters 
are removed and blocked in 5% nonfat dry mild in TTBS (Blotto) for 2-16 hours at room 
temperature (r.t.) with gentle shaking. The blocked filters are then exposed to the target 
polypeptide trap probe. 

A number of methods for labeling the material of the target polypeptide trap for 
use in Far- Western screening techniques exist in the art. Suitable TAGS for labeling the target 
polypeptide trap target molecule for use in the target polypeptide trap cloning procedure include: 
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35 S-met, 32 P, 125 I, antibod>^pitope tags (e.g. HA, FLAG, etc.), ancTbiotin. Some of the 
alternative TAGS and methods for operably linking them to a target polypeptide are described 
in Section 4.3 above. 

In a preferred embodiment, target polypeptide is used as the probe and the target 
polypeptide trap probe is synthesized by in vitro transcription and translation techniques which 
are well known in the art and available as kits from a number of sources (e.g. Promega Biotech, 
Madison, WI). Synthesis of the target polypeptide molecule from a suitable target polypeptide 
encoding vector in the presence of 35 S-met results in the synthesis of a 35 S labeled target 
polypeptide probe. The blocked filters produced as described above are then incubated in the 
presence of the 35 S labeled target polypeptide probe in fresh Blotto (typically 2ml/150mm filter) 
with gentle agitation overnight at room temperature or 4 degrees Celcius. The filters are then 
washed extensively with large volumes of TTBS several times to remove unbound target 
polypeptide probe and then dried and exposed to X-ray film overnight. Plaques which appear 
to be labeled by the target polypeptide probe by virtue of an affinity between the gene product 
encoded by the cDNA and the target polypeptide probe, are picked and subjected to several 
rounds of plaque purification which involves the use of the above described procedure at 
increasingly low plating densities so as to facilitate the removal of contaminating non target 
polypeptide reactive plaques. 

In a preferred embodiment of this target polypeptide trap Far- Western protocol, 
lysates are prepared from these pure clones and phage from these are used to infect a fresh 
culture of E. coli which are then incubated in the presence of ImM IPTG for 2 hours at 37 
degrees Celcius. The cells are then lysed in SDS loading buffer, and the resulting lysate is run 
on a denaturing (e.g. SDS PAGE) protein gel along with dye labelled protein markers. The gel 
is transferred to nitrocellulose and probed with either the 35 S labeled target polypeptide probe or 
a negative control probe. The results of this type of Far- Western analysis thus reveal both the 
specificity of the interaction between the target polypeptide probe and the lambda cDNA encoded 
target polypeptide interaction domain protein (i.e. whether the interaction occurs only with the 
target polypeptide probe and not the negative control probe) and the molecular weight of the 
target polypeptide interaction domain. The latter information is useful in the classification of 
clones obtained in a target polypeptide trap screen, while the former information is necessary to 
determine the significance of the target polypeptide trap interaction. 

The target polypeptide trap method of the invention provides for yet another 
configuration of the target polypeptide trap screen employing "phage display" technology. As 
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summarized in Table I, mis embodiment of the target polypeptide trap method employs an 
affinity tag, or other means of immobilizing a target polypeptide to a solid support matrix, as a 
TAG to mark the target polypeptide; and a bacteriophage coat protein, such as filamentous phage 
coat protein gill, which serves as a molecular marker of the population of test polypeptides 
representing target polypeptide interaction domain candidates. A phage-display library is a 
protein expression library, constructed in a bacteriophage derived vector, that expresses a 
collection of cloned protein sequences as fusions with a phage coat protein. This arrangement 
results in the expression of fusion proteins on the exterior of the phage particle. This disposition 
advantageously allows contact and binding between the recombinant binding protein and an 
immobilized ligand. In the method of the present invention phage clones expressing binding 
proteins are substantially enriched for target polypeptide trap specific binding activities by means 
of serial passage of phage populations which bind to an immobilized target polypeptide trap 
target (target polypeptide-TAG) ligand. 

Phage display can be performed in a variety of formats; for their review see e.g., 
Smith ((1985) Science 228:1315-1317) and Johnson, et al. ((1993) Current Opinion in Structural 
Biology 3:564). The group of almost identical E. coli filamentous phages Ml 3, fd, and fl are 
most often used in phage display libraries, as either of the phage gill or gVIII coat proteins can 
be used to generate fusion proteins without disrupting the ultimate packaging of the viral particle 
(Ladner et aL PCT publication WO 90/02909; Garrad et al., PCT publication WO 92/09690; 
Marks et al. (1992) J. Biol. Chem. 267:16007-16010; Griffiths et al. (1993) EMBO J 12:725-734; 
Clackson et al. (1991) Nature 352:624-628; and Barbas et al. (1992) PNAS 89:4457-4461). In 
addition, there are many U.S. patents which describe this and closely related technologies in 
great detail (see e.g. U.S. Pat. #5,571,698; U.S. Pat. #5,580,717; U.S. Pat. #5,627,024). 

In brief, this procedure involves the immobilization of the target protein (the 
target polypeptide trap in the method of the present invention) by, e.g., treating it with a 
biotinylating agent which is commercially available (Promega Biotech, Madison, WI). 
Treatment under the appropriate conditions results in the introduction of 1-6 biotin moieties per 
molecule of target protein. The biotinylated protein (e.g. target polypeptide-biotin) can then be 
bound essentially irreversibly to a solid support (e.g. a polystyrene dish) that is coated with 
streptavidin. After blocking non-specific protein absorption sites with bovine serum albumin, 
the streptavidin-coated plates are treated with the biotinylated protein (e.g. the target polypeptide 
trap), blocked with biotin, and rinsed. Alternative affinity tag systems suitable for immobilizing 
the target polypeptide to a solid support matrix are described in Section 4.3. The phage library 
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s^^^ch are now coated with the target prote^^^i 



can be added to the plates which are now coated with the target proteunTound to streptavidin via 
the biotin linker. Phage display clones which do not bind to the target polypeptide trap are then 
washed away under non-denaturing conditions. The remaining phage which are bound to the 
target polypeptide trap are eluted with an elution wash (e.g. pH 2.2 buffer). Following this initial 
round of selection, the "trapped" and eluted population of phage enriched for clones expressing 
a target polypeptide trap interacting species is then amplified by growth in a bacterial host. The 
entire procedure is then repeated with the resulting phage population, resulting in the further 
enrichment for recombinant phage expressing high-affinity target polypeptide trap interacting 
clones. 

Just as in the two hybrid embodiment of the target polypeptide trap method, it is 
understood that any person of reasonable skill in the art will recognize that there are many 
alternative embodiments of the composition of the phage display population and the choice of 
the target population to be trapped will depend in part on the particular goals of the investigation. 
In particular the test polypeptide target polypeptide interaction domain candidates may be 
encoded by any of a number of natural or synthetic nucleic acid sequences, such as partial cDNA 
"domain" libraries or synthetic "randomized oligonucleotide" libraries, as discussed for the 
varied application of the yeast two-hybrid method (Section 4.3.1). For example, there are many 
examples of phage display libraries in which the short random polypeptides are displayed on the 
outer surface of the phage population. Smith and coworkers (Smith (1985) Science 228:1315- 
1317 and Parmley and Smith (1985) Gene 73:305-318) have demonstrated that small protein 
fragments (10-50 amino acids) can be displayed efficiently on the surface of filamentous phage 
by inserting short gene fragments into gene EI of the fd phage. Such random sequences can also 
be created through the use of randomly synthesized oligonucleotides of an appropriate size in the 
creation of the phage coat protein fusion library. In several instances, such random peptide phage 
display libraries have been used successfully to identify small peptide inhibitors of a particular 
protein activity. For example, random peptide phage display libraries have been used to 
elucidate peptide inhibitors of Human T-Cell Leukemia Virus-I (HTLV-I) (see U.S. Pat. # 
5,717,058). Thus, in a preferred embodiment of the present invention, a target polypeptide 
conjugating protein or a target polypeptide isopeptidase is immobilized on a solid matrix and 
subjected to biopanning with a phage display library of random peptides (peptide fusion phage). 
After one or, more preferably, two, or, still more preferably, three or more rounds of selection 
for phage expressing polypeptide sequences which bind to the target polypeptide trap 
polypeptide, the resulting phage collection is isolated and the sequences encoding the binding 
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polypeptides is determine^y sequencing the particular oligonucleotictesequences fused to the 
DNA sequence of the bacteriophage coat protein. The polypeptides encoded by these sequences 
can then be tested for the ability to affect the activity of the target polypeptide trap conjugating 
or isopeptidase activity in a particular binding or enzymatic assay, many of which are known in 
the art. 



trap method is in the creation of target polypeptide system proteins with altered binding 
properties. This technique has been applied, for example, in the isolation of growth hormone 
variants with altered binding properties (U.S. Pat. # 5,688,666). Thus, in a preferred embodiment 
of the present invention, a nucleic acid sequence encoding target polypeptide or a target 
polypeptide-like protein is fused to the carboxyl terminal domain of Ml 3 gene m. The resulting 
vector is then mutated at one or more selected positions within the sequence encoding, in a 
preferred example, target polypeptide by either chemical or enzymatic techniques which are well 
known in the art thereby forming a family of related phage display vectors. The resulting 
collection of the target polypeptide mutant proteins displayed in phage display format is used a 
first round of selection by contact the phagemid particles with a target molecule such as, in a 
preferred embodiment, a target polypeptide conjugating enzyme or a mutant thereof. The 
phagemid particles that bind are then separated from those that don't by washing, followed by 
elution of the specifically bound phagemids. The washing step can be adjusted to increase the 
stringency so that only the very highest affinity mutant polypeptides are selected. The 
specifically bound phagemids are then eluted using an appropriate elution buffer and the 
resulting selected phagemids are amplified and used in one or more additional rounds of selection 
(i.e. the above steps are repeated starting at the step where the phagemid particle mix is contacted 
with the target target polypeptide conjugating enzyme). The resulting target polypeptide mutants 
are potentially useful in designing therapeutic inhibitors of specific target polypeptide 
conjugating enzymes or discovering target polypeptide sequence variants with altered 
specificities (i.e. increased binding specificity for a target polypeptide conjugating enzyme or a 
variant thereof). 



are displayed on the outer surface of the phage capsid and antibody molecules specific to target 
polypeptide trap polypeptides are thereby identified. The preparation of combinatorial antibody 
libraries on phagemids is described by Kang et al., (1991) PNAS, U.S.A., 88:4363-4366; Barbas 
et al. (1991) PNAS, U.S.A. 88:7978-7982; Kang et al. (1991) PNAS, U.S.A. 88:1 1 120-1 1 123; 



A second application of the phage display embodiment of the target polypeptide 



In another variation of the phage display method, immunoglobulin polypeptides 
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Barbas et al.(1992) PNAS, USA, 89;4457-4461; and Gram et al., PNASTTT.S.A. (1992) 89:3576- 
3580, the disclosures of which are hereby incorporated by reference. U.S. Pat #5,702,892 also 
describes phage-display of immunoglobulin heavy chain libraries. Such immunoglobulin 
expressing phage display libraries are commercially available (RPAS, Pharmacia Catalog 
number 27-9400-01, for example). 

Another aspect of the invention concerns the use of the target polypeptide trap to 
screen peptide and cDNA vector libraries in which the candidate target polypeptide interaction 
domains are expressed as fusions to a DNA binding protein from a recombinant DNA expression 
vector wherein the vector itself contains a binding site for the DNA binding protein of the fusion 
library. The screening method results in the formation of a complex comprising the fusion 
protein (target polypeptide interaction domain candidate fused to a DNA binding domain, e.g. 
lacl) bound to both: an immobilized target polypeptide trap molecule (target polypeptide-TAG) 
through the peptide encoded by vector target polypeptide interaction domain cDNA, and to the 
recombinant DNA vector through the DNA binding domain of said fusion protein. Thus affinity 
purification of the target polypeptide interaction domain provides a means of simultaneously 
identifying a target polypeptide interaction domain and isolating the target polypeptide 
interaction domain's encoding cDNA vector. This method allows for an "in vitro" screen since 
the entire procedure can be conducted with an extract obtained from a lysed population of, e.g. 
an E. coli strain carrying a suitable library of target polypeptide interaction domain candidate test 
polypeptides expressed as fusions to a DNA binding protein such as the lac repressor (product 
of the lacl gene). Optimal results are obtained from bacterial libraries carried by bacterial strains 
which do not themselves produce a lac repressor protein (e.g lacl deletion strains, which are 
readily available). As summarized in Table I, in this particular embodiment of the target 
polypeptide trap method, the TAG entity used to mark the target polypeptide is typically an 
affinity tag which, as in the phage display embodiment, serves to facilitate immobilization of the 
target polypeptide to a solid support matrix such as a petri plate or a column resin; while the 
molecular marker, which identifies the target polypeptide interaction domain test polypeptide, 
is a DNA binding polypeptide with affinity for a nucleic acid sequence present in the test- 
polypeptide encoding vector. Immobilization of the target polypeptide interaction domain to the 
immobilized target polypeptide by protein/protein interaction therefore simultaneously results 
in the immobilization of the target polypeptide interaction domain-encoding vector via a 
protein/nucleic acid "snag" interaction which facilitates the in vitro identification of target 
polypeptide interaction domain encoding vector clones. 
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This methodology has been described elsewhere in greater detail (see U.S. Patent 
Nos. 5,270, 170, 5,338,665, and 5,498,530, incorporated herein by reference). Briefly, the 
method makes use of the stable binding of a DNA binding protein, such as that of the lac operon 
repressor, the product of the lad gene, to its recognition sequence in the lac operator (lacO). In 
a preferred embodiment, a synthetic derivative of the lad gene consisting to two lac headpieces 
joined by a linker (Kaptein et al. (1990) Bioch. Pharmacol. 40:89-96) is operably linked to a 
DNA encoding a random polypeptide or a ligand fragment comprising a portion of a target 
polypeptide interaction domain-encoded gene product which possesses affinity for a target 
polypeptide. The vector encoding this fusion protein is constructed so as to additionally contain 
a lac operator sequence (lacO) or a derivative lacO binding site such as that of the symmetric 
variant of lacO called lacO S which has an approximately ten-fold higher affinity for repressor 
than the wild-type sequence (Sadler et al. (1983) Proc. Natl. Acad. Sci. USA 80:6785-9; Simons 
et al. (1984) Proc. Natl. Acad. Sci. USA 81:1624-8). The resultant library is transformed into 
a host cell such that about at least 1 million transformants are created, and the resultant 
transformed host cells are cultured under conditions such that the vector encoded fusion protein 
is produced and binds to a binding site, e.g. a lacO sequence, located in a vector that encodes the 
fusion protein. The resultant population of cells is then lysed under conditions such that the 
fusion protein remains bound to the vector that encodes the fusion protein (e.g. lysis by lysozyme 
in a suitable buffer such as 35 mM HEPES [pH 7.5 with KOH], 0.1 mM EDTA, 100 mM Na 
glutamate, 5% glycerol, 0.3 mg/ml BSA, ImM DTT and O.lmM PMSF). The long half-life of 
certain DNA/DNA binding protein complexes such as that of the lac repressor bound to lacO 
(dissociation constant of 10" 13 M, and a half-life of about 30 minutes) is therefore preferred in the 
method of the present invention. The resulting cell lysate is contacted with a target polypeptide 
trap (target polypeptide-TAG) molecule under conditions such that the fusion protein remains 
bound to the vector that encodes the fusion protein. In a preferred embodiment, the target 
polypeptide trap molecule is immobilized to a column matrix and the cell lysate is passed 
through the column under conditions which preserve both the target polypeptide/target 
polypeptide interaction domain-lacl interaction and the target polypeptide interaction domain- 
lacI/lacO interaction. In an alternative embodiment allowing smaller "batch screens" for 
candidate target polypeptide interaction domain molecules, the target polypeptide trap molecule 
is immobilized to a suitable bead matrix (e.g. agarose or sepharose) and incubated with the cell 
lysate so as to allow the formation of bead-target polypeptide trap/target polypeptide interaction 
domain-lacI/lacO-vector DNA complexes which are then isolated by centrifugation. 
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Nonspecifically associate^acI/lacO-vector DNA complexes are removed by washing the 
column or beads with a suitable wash buffer (e.g. HEG buffer containing 35mM HEPES/KOH 
pH 7.5, 0.1 mM EDTA, lOOmM Na Glutamate). The specifically bound vectors encoding the 
target polypeptide interaction domain-lacl fusion protein, are then eluted from the column or 
matrix under either native conditions (e.g. using IPTG [isopropylthiogalactoside] which is known 
to decrease the affinity of lad for lacO binding sites) or denaturing conditions (e.g. using phenol 
or SDS - containing buffers which will interfere with the target polypeptide/target polypeptide 
interaction domain protein-protein interaction). The nucleic acid of the eluted target polypeptide 
interaction domain fusion protein encoding vector is then recovered using standard techniques 
of extraction and precipitation which are well known in the art. If desired, the recovered target 
polypeptide interaction domain-encoding vector DNA can be put through an additional round(s) 
of selection by retransforming this eluted vector nucleic acid into a suitable host cell (e.g. the 
host cell strain used in the previous "round" of screening) and then repeating the steps recited 
above. Repeated application of this "molecular snag" technique can be expected to produce 
vectors which encode target polypeptide interaction domain's with increasingly strong affinities 
for the target polypeptide polypeptide of the target polypeptide trap. 

Those skilled in the art will appreciate that there are a wide variety of other DNA 
binding proteins, including polypeptides derived from naturally occurring DNA binding proteins, 
as well as polypeptides derived from proteins artificially engineered to interact with specific 
DNA, which can be used in the immediate application of the present invention. 

Another method for studying biomolecular interactions which can be readily 
adapted for use in the subject invention is real-time Biomolecular Interaction Analysis (BIA). 
As summarized in Table I, in this embodiment of the target polypeptide trap method, the TAG 
entity used to mark the target polypeptide is typically an affinity tag which serves to immobilize 
the target polypeptide to a specialized detector surface. In this embodiment, there is no need for 
a molecular marker to identify the target polypeptide interaction domain, since a productive 
target polypeptide/target polypeptide interaction domain interaction can be directly detected 
through altered properties of the surface to which the target polypeptide is immobilized. In some 
embodiments of this method, an affinity tag molecular marker may be associated with the target 
polypeptide interaction domain, and may have facilitated purification of the target polypeptide 
interaction domain to obtain the homogeneous population of test polypeptides which is preferred 
in the BIA embodiment of the target polypeptide trap method. 
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This technique allows biospecific interactions to be stuaied in real time without 
labeling any of the interactants. Detection depends on changes in the mass concentration of 
macromolecules at the biospecific interface. BIA uses the optical phenomenon surface plasmon 
resonance to monitor biomolecular interactions. Surface plasmon resonance is an optical 
phenomenon arising in thin metal films under conditions of total internal refection which relies 
on changes in the intensity of reflected light which occur at the resonance angle. By keeping 
other factors constant, surface plasmon resonance provides a measure of changes in the 
concentration of molecules in a surface layer of solution in contact with the sensor surface. 
Briefly, the system is composed of three essential elements: a sensor chip, an optical detection 
system, and an integrated micro-fluidic cartridge (EFC) for controlled transport of samples to the 
sensor surface. The sensor chip is modified to the application so that one interactant is 
immobilized on the sensor surface (the target polypeptide), which forms one wall of a micro-flow 
cell. In some applications, the ligand is attached indirectly to the surface through binding to 
another immobilized molecule (a technique referred to as capturing). Solution containing the 
other interactant(s) is streamed continuously over the sensor surface by the IFC. As molecules 
from solution bind to the immobilized interactant, the resonance angle changes and a response 
is registered. Following association of the subject free interactant molecule analyte test 
polypeptide target polypeptide interaction domain candidate, the target polypeptide/target 
polypeptide interaction domain complex dissociates at a rate proportional to the dissociation 
constant for this reaction. Dissociation of the target polypeptide/target polypeptide interaction 
domain complex can be monitored in real time by monitoring the signal obtained from the sensor 
surface resonance angle detector. The signal level will eventually return to that measured prior 
to introduction of the target polypeptide interaction domain moiety when all of the target 
polypeptide/target polypeptide interaction domain complex has decomposed and he target 
polypeptide interaction domain has diffused away. Detailed descriptions of surface resonance- 
based detection methods for biomolecular analysis applications may be obtained from 
commercial suppliers of these systems such as Pharmacia (Piscataway, NJ) which produces the 
Pharmacia Biosensor AB system. 

The basic advantages of this embodiment of the target polypeptide trap method 
include real-time and label-free monitoring of target polypeptide/target polypeptide interaction 
domain interactions. Furthermore, reusable sensor chip technology allows multiple target 
polypeptide target polypeptide trap targets to be analyzed; and flexible experimental design, 
rapid analysis, exact sample handling technology and integrated systems analysis facilitate high 
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throughput screening for target polypeptide interaction domain polypeptides. These features also 
facilitate screening for small molecules which enhance or inhibit particular target 
polypeptide/target polypeptide interaction domain interactions. This method is thus well suited 
to screens for therapeutic target polypeptide system agonist and antagonist compounds. 

The utility of the BIAcore biomolecular analysis method has been demonstrated 
in a number of studies (summarized in, e.g., Fivash et aL (1998) Curr. Opin. BiotechnoL 9: 97- 
101; Salamon et al. (1997) Biochim. Biophys. Acta. 1331: 131-52 & 117-29; Schuck (1997) 
Curr. Opin. BiotechnoL 8: 498-502; Schuck (1997) Annu. Rev. Biophys. Biomol. Struct. 26: 
541-66; Van Regenmortel et al. (1997) Immunol. Invest. 26: 67-82; O'Shannessy and Winzor 
(1996) Anal. Biochem. 236: 275-83; and Szabo et al. (1995) Curr. Opin. Struct. Biol. 5: 699- 
705). These studies further provide the skilled artisan with additional information useful in 
guiding the application of this technique to the target polypeptide trap method described by the 
present invention. 

In yet another embodiment, the present invention allows for the instantaneous 
screening of large collections of polypeptides that are synthesized on, and remain covalently 
bound to, the surface of a support matrix. As summarized in Table I, in this embodiment of the 
target polypeptide trap method the TAG moiety may be dispensable in certain detection schemes 
or it may be a fluorescent label or another energy transfer system which facilitates identification 
of a target polypeptide interaction domain-immobilized target polypeptide and its assignment to 
a specific matrix "address" which serves to reveal the identity of the interacting target 
polypeptide interaction domain. The molecular marker in this embodiment is typically a solid 
support matrix on which the target polypeptide interaction domain polypeptide has been 
synthesized and which facilitates the creation of the target polypeptide interaction domain 
identifying "address". Methods of producing such "protein chips" using photosensitive 
substrates and a precisely delivered source of light have been described (see e.g. U.S. Patent No. 
5,679,773, 5,744,305 and WO 90/15070). To screen for biological activity, the substrate protein 
chip, representing a collection of potential target polypeptide system interacting polypeptides 
(target polypeptide interaction domains), is exposed to one or more target polypeptide trap 
polypeptides. The target polypeptide trap polypeptide is tagged, preferably with a fluorescent 
marker, a radioactive marker, or an antibody epitope. In still other embodiments the detection 
system employed obviates the need to TAG the target polypeptide employed. Examples include 
a electrical detection based systems (U.S. Patent No. 5,653,939 and 5,670,322), as well as an 
optical fiber-based detection system (U.S. Patent No. 5,690,894). The location of the marker on 
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the substrate is detected with, for example, photon detection or through the altered optical or 
electrical properties resulting from interaction of the immobilized target polypeptide interaction 
domain with the target polypeptide at a specific "address". Through knowledge of the sequence 
of the material at the location where binding is detected, it is possible to quickly determine which 
target polypeptide interaction domain sequence binds with the target polypeptide probe and, 
therefore, the technique can be used to screen very large numbers of polypeptides for target 
polypeptide interaction domain activity. For example, in a preferred embodiment of this protein 
chip technology, a fluorescently labeled target polypeptide trap polypeptide is exposed to a 
peptide chip matrix substrate. Nonspecifically bound target polypeptide trap polypeptides are 
removed and the peptide chip matrix substrate is placed in a microscope detection apparatus for 
identification of locations where binding takes place. The microscope detection apparatus 
includes, in a preferred embodiment, a monochromatic or polychromatic light source for 
directing light at the substrate, and means for detecting fluoresced light from the substrate, as 
well as means for determining a location of the fluoresced light. The means for detecting light 
fluoresced on the substrate may in some embodiments include a photon counter. The means for 
determining a location of the fluoresced light may include an x/y translation table for the 
substrate. Translation of the slide and data collection are recorded and managed by an 
appropriately programmed digital computer. Analysis of the collected data allows immediate 
identification of polypeptide sequences representing target polypeptide interaction domains that 
interact with the specified target polypeptide trap polypeptide. 

The resulting identified target polypeptide interaction domain polypeptide 
sequences are of utility in several aspects. These synthetic sequences can be reasonably 
assumed, in some instances, to mimic the structures of naturally-occurring target polypeptide 
interaction domain ligand interaction domains. Comparison of the thus identified synthetic 
target polypeptide interaction domain polypeptide sequences with the existing protein databases 
(e.g. GenBank and SWISS-PROT.) as well as EST databases (Boguski, M. (1995) TIBS 20:295- 
6) therefore allows the identification of naturally-occurring candidate target polypeptide 
interaction domains which can then be easily obtained for further analysis. In addition, we note 
here that the synthetically derived target polypeptide interaction domain polypeptides identified 
by analysis of peptide display matrices represent potentially therapeutic compounds for use in 
the prevention and treatment of diseases and conditions involving components of the biochemical 
pathways of the target polypeptide system. In this and other applications of the target 
polypeptide trap method the identification of a synthetic target polypeptide interaction domain 
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polypeptide sequence has immediated utility independent of its application to the discovery of 
additional naturally-occurring target polypeptide interaction domain polypeptides. 

Indeed, as it applies to the identification of compounds of utility in the alteration 
of target polypeptide system processes, the present invention is not limited in scope to the 
identification of polypeptide interactors. We note here that methods for the synthesis of diverse 
collections of tagged compounds attached to solid supports have been described (U.S. Patent No. 
5,708,153). This technology is not limited to polypeptides but rather allows the synthesis of 
diverse collections of tagged compounds of random oligomeric structure. Furthermore, in 
preferred embodiments, these oligomeric compounds carry specific identifying tags (e.g. 
oligonucleotide tags) which allow amplification of the tags and identification of the monomer 
therewith associated. It is understood that the present invention makes available the application 
of this technology to the method of the target polypeptide trap, thereby allowing the 
identification of compounds of chemically diverse structure for use in the prevention and 
treatment of diseases and disorders involving the target polypeptide system. 



4.6. Ubiquitin Protein Ligase Inhibitors 

The invention demonstrates that recruitment to a ubiquitin protein ligase is 
sufficient to target a polypeptide for ubiquitin conjugation and subsequent ubiquitin dependent 
proteolytic degradation. Accordingly, the invention also makes available methods and reagents 
to block or antagonize the recruitment of certain cellular proteins to ubiquitin protein ligases in 
vivo. The invention thereby provides means by which a target of a ubiquitin protein ligase can 
be stabilized in vivo by preventing recruitment to, and subsequent ubiquitination by, the ubiquitin 
protein ligase. In preferred embodiments, the inhibitors of the invention prevent the interaction 
of a ubiquitin ligase with a target polypeptide and the inhibitor is a small molecule, polypeptide, 
or peptidomimetic; the mechanism of inhibition may be competitive or noncompetitive; and the 
target polypeptide may be a cellular polypeptide, a pathogen-encoded polypeptide or a target 
polypeptide employed in trans-targeting embodiments of the invention. 

For example, effective competitive inhibitors of the invention may be designed 
based upon the polypeptide structures which comprise the interaction complex between the 
ubiquitin protein ligase and the target polypeptide. A minimal target polypeptide/ ubiquitin 
protein ligase interaction complex may be characterized by deletion analysis employing protein- 
protein interaction assays known in the art and described in detail above for the elucidation of 
target polypeptide interaction domains. Additional methodologies, such as alanine-scanning 
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mutagenesis provide further refined information regarding the structure of the protein/protein 
interaction domain interface. In certain situations, the crystal structure of one or both of the 
binding partners may be available to provide still further guidance to the skilled artisan in 
designing the competitive inhibitor. 

Exemplary noncompetitive inhibitors of the invention include, for example, 
compounds which bind to a region of the target polypeptide other than the ubiquitin protein 
ligase interaction region, and allosterically alter the structure of the ubiquitin protein ligase 
interaction region. Such noncompetitive allosteric target polypeptide inhibitors may have certain 
advantages - for example they may provide a high degree of specificity to the inhibition as they 
will fail to recognize and bind to other target polypeptides of the ubiquitin protein ligase. In 
certain instances, preferred noncompetitive inhibitors of the invention may be elucidated based 
upon known or readily determined binding partners of the target polypeptide. For example, the 
structure of a substrate or substrate analog of a target polypeptide enzyme may be used to design 
appropriate enzyme active site binding noncompetitive inhibitors. Exemplary enzyme active site 
binding noncompetitive inhibitors include substrate transition state analogs which bind tightly 
to a target enzyme active site with a high degree of specificity and allosterically alter the 
structure of the ubiquitin protein ligase interaction region of the target enzyme polypeptide. In 
another example, the structure of a target polypeptide binding partner protein is used to design 
the noncompetitive inhibitor of the invention. In this example, the binding partner protein 
interacts with a region of the target polypeptide which is different from the region recognized by 
the ubiquitin protein ligase. For example, the structure of the NFkB binding partner of IkB can 
be used to design preferred noncompetitive inhibitors of the interaction of IkB with a pTrCP 
containing SCF ubiquitin protein ligase. 

The ubiquitin protein ligase competitive inhibitors of the invention can be 
designed to mimic the polypeptide structure of either the ubiquitin protein ligase component of 
the interaction region or the target polypeptide component of the interaction region. Such 
competitive inhibitors thereby prevent the recruitment of the target polpeptide to the ubiquitin 
protein ligase by blocking the recruitment function of the ubiquitin protein ligase. Depending 
upon the structure of the inhibitor, the inhibition of recruitment may be very specific to the target 
polypeptide, or may be affect the recruitment of other polypeptides which are targeted by the 
ubiquitin protein ligase. For example, preferred target polypeptide-specific inhibitors mimic the 
structure of a WD repeat polypeptide sequence which interacts with a target polypeptide. These 
"WD repeat" competitive inhibitors are designed to bind to the target polypeptide and prevent 
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its interaction with a W^Tepeat of a WD repeat containing F-box polypeptide of an SCF 
ubiquitin ligase. The invention thereby provides a class of competitive inhibitors which 
antagonize the ubiquitination of the target polypeptide and only those other targets which share 
a similar WD repeat interaction pocket. 

In certainfembodiments, the inhibitor has a molecular weight of less than 10,000 
atomic mass units (amu), more preferably less than 7500 amu, 5000 amu, and even more 
preferably less than 3000 amu. For instance, the ubiquitin ligase/target polypeptide inhibitor can 
be either a peptide or peptidomimetfc, preferably corresponding in length to a 3-25 mer, e.g., and 
in certain preferred embodiments, containing a core sequence corresponding to a WD repeat 
conserved sequence of G-H-X ^-h-X-X^-X-r-X-t (2 - 3) -p-X-h-h-X-X-X-X-D-X-X-X-X-h-W-D; 
wherein "X" indicates any amino acid residue, the number ranges indicated in superscript 
indicate a variable number of the indicated residue type at that position, "h" indicates a 
hydrophobic residue, "r" indicates an aromaticWnino acid residue, "t" indicates an amino acid 
residue which stabilizes a tight polypeptide backbone turn such as glycine, proline, aspartic acid 
or asparagine, and p indicates a polar amino acid residue. In other embodiments the WD repeat 
competitive inhibitor is provided as a gene construct fokexpressing the WD repeat peptide. The 
WD repeat peptide, peptidomimetic or gene constructs formulated in the pharmaceutical 
preparation for delivery to an animal to be treated. 

The invention further provides certain broad-specificity ubiquitin protein ligase 
inhibitors. For example, the production of a beta-galactosidase fusion to a mutant Cdc4p F-box 
protein lacking the WD repeat-containing domain resulted in an inhibition of cell growth in yeast 
(see Figure 4, panel D). This general inhibition of growth was accompanied by the stabilization 
of the beta-galactosidase-F-box fusion polypeptide which was otherwise targeted for cis- 
mediated ubiquitination and proteolytic degradation when expressed as a fusion to intact Cdc4p 
containing the WD repeat domain (see Figure 4, panel C). Accordingly, the invention provides 
a beta-galactosidase-F-box fusion protein and other inhibitors which antagonize one or more 
ubiquitin protein ligase activities. Such broad-range inhibitors are particularly useful for the 
purpose of blocking ubiquitin-conjugation and proteolytic degradation of all cellular protein 
targets of a particular class of SCF ubiquitin ligase - e.g. an SCF Cdc4p , an SCF GrT,p , an SCF Met30p , 
or an SCF hbTrCp . 

The practice of the present invention will employ, unless otherwise indicated, 
conventional techniques of cell biology, cell culture, molecular biology, transgenic biology, 
microbiology, recombinant DNA, and immunology, which are within the skill of the art. Such 
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techniques are explaineWully in the literature. See, for exampH; Molecular Cloning A 
Laboratory Manual, 2nd Ed., ed. by Sambrook, Fritsch and Maniatis (Cold Spring Harbor 
Laboratory Press: 1989); DNA Cloning, Volumes I and II (D. N. Glover ed., 1985); 
Oligonucleotide Synthesis (M. J. Gait ed., 1984); Mullis et al. U.S. Patent No: 4,683,195; 
Nucleic Acid Hybridization (B. D. Haines & S. J. Higgins eds. 1984); Transcription And 
Translation (B. D. Haines & S. J. Higgins eds. 1984); Culture Of Animal Cells (R. I. Freshney, 
Alan R. Liss, Inc., 1987); Immobilized Cells And Enzymes (IRL Press, 1986); B. Perbal, A 
Practical Guide To Molecular Cloning (1984); the treatise, Methods In Enzymology (Academic 
Press, Inc., N.Y.); Gene Transfer Vectors For Mammalian Cells (J. H. Miller and M. P. Calos 
eds., 1987, Cold Spring Harbor Laboratoiy); Methods In Enzymology, Vols. 154 and 155 (Wu 
et al. eds.), Immunochemical Methods In Cell And Molecular Biology (Mayer and Walker, eds., 
Academic Press, London, 1987); Handbook Of Experimental Immunology, Volumes I-IV (D. 
M. Weir and C. C. Blackwell, eds., 1986); Manipulating the Mouse Embryo, (Cold Spring 
Harbor Laboratory Press, Cold Spring Harbor, N.Y., 1986). 



noncompetitive, and c&n be general to a class of ubiquitin protein ligase or specific to a particular 
cellular target protein or^omewhat broader in specificity to include multiple cellular protein 
targets. In preferred embodiments, the present invention provides a peptide, or peptidomimetic 
that inhibits the ubiqitin-deptendent degradation of the target polypeptide. The peptide/ 
peptidomimetic can, in certain Preferred embodiments, range in size from 3-25 amino acid 
residues. In certain embodiments, kWD repeat inhibitor of the present invention includes a WD 
repeat core structure having the formX: G-H-X (3 " 6) -h-X-X-h-X-r-X-t (2 3) -p-X-h-h-X-X-X-X-D- 
X-X-X-X-h-W-D, wherein: \ 



and "X" indicates any amino acid residue, "h" indicates a hydrophobic residue, "r" indicates an 
aromatic amino acid residue, "t" indicates an aminoyacid residue which stabilizes a tight 
polypeptide backbone turn such as glycine, proline, asparftc acid or asparagine, and p indicates 
a polar amino acid residue. While the invention includes all of the groups of inhibitors set forth 
above, the following descriptions are illustrative of an exemplary WD repeat ubiquitin protein 
ligase competitive inhibitor of the invention. It is understood mat chemical design and other 
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It is understood that the inhibitors of the invention can be competitive or 



G represents a glycine residue, or an analog thereof; 
H represents a histidine residue, or an analog thereof; 
D represents an aspartic acid residue, or an analog thereof; 
W represents a tryptophan residue/sor an analog thereof; 



methods described for the 
herein. 




ibitor apply broadly to all classes of inhibitor discussed 



The following definitions and explanations are provided in support of the 
description of the exemplary WD repeat and other ubiquitin protein ligase inhibitors of the 
invention. 

The term "heteroatom" as used herein means an atom of any element other than 
carbon or hydrogen. Preferred heteroatoms are boron, nitrogen, oxygen, phosphorus, sulfur and 
selenium. 

The term "alkyl" refers to the radical of saturated aliphatic groups, including 
straight-chain alkyl groups, branched-chain alkyl groups, cycloalkyl (alicyclic) groups, alkyl 
substituted cycloalkyl groups, and cycloalkyl substituted alkyl groups. In preferred 
embodiments, a straight chain or branched chain alkyl has 30 or fewer carbon atoms in its 
backbone (e.g., C1-C30 for straight chain, C3-C30 for branched chain), and more preferably 20 
or fewer. Likewise, preferred cycloalkyls have from 3-10 carbon atoms in their ring structure, 
and more preferably have 5, 6 or 7 carbons in the ring structure. 

Moreover, the term "alkyl" (or "lower alkyl") as used throughout the specification, 
examples, and claims is intended to include both "unsubstituted alkyls" and "substituted alky Is", 
the latter of which refers to alkyl moieties having substituents replacing a hydrogen on one or 
more carbons of the hydrocarbon backbone. Such substituents can include, for example, a 
halogen, a hydroxyl, a carbonyl (such as a carboxyl, an alkoxycarbonyl, a formyl, or an acyl), 
a thiocarbonyl (such as a thioester, a thioacetate, or a thioformate), an alkoxyl, a phosphoryl, a 
phosphonate, a phosphinate, an amino, an amido, an amidine, an imine, a cyano, a nitro, an 
azido, a sulfhydryl, an alkylthio, a sulfate, a sulfonate, a sulfamoyl, a sulfonamido, a sulfonyl, 
a heterocyclyl, an aralkyl, or an aromatic or heteroaromatic moiety. It will be understood by 
those skilled in the art that the moieties substituted on the hydrocarbon chain can themselves be 
substituted, if appropriate. For instance, the substituents of a substituted alkyl may include 
substituted and unsubstituted forms of amino, azido, imino, amido, phosphoryl (including 
phosphonate and phosphinate), sulfonyl (including sulfate, sulfonamido, sulfamoyl and 
sulfonate), and silyl groups, as well as ethers, alkylthios, carbonyls (including ketones, 
aldehydes, carboxylates, and esters), -CF3, -CN and the like. Exemplary substituted alkyls are 
described below. Cycloalkyls can be further substituted with alkyls, alkenyls, alkoxys, 
alkylthios, aminoalkyls, carbonyl-substituted alkyls, -CF3, -CN, and the like. 
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The term "aralkyl", as used herein, refers to an alkyl group substituted with an aryl 
group (e.g., an aromatic or heteroaromatic group). 

The terms "alkenyl" and "alkynyl" refer to unsaturated aliphatic groups analogous 
in length and possible substitution to the alkyls described above, but that contain at least one 
double or triple bond respectively. 

Unless the number of carbons is otherwise specified, "lower alkyl" as used herein 
means an alkyl group, as defined above, but having from one to ten carbons, more preferably 
from one to six carbon atoms in its backbone structure. Likewise, "lower alkenyl" and "lower 
alkynyl" have similar chain lengths. Preferred alkyl groups are lower alkyls. In preferred 
embodiments, a substituent designated herein as alkyl is a lower alkyl. 

The term "aryl" as used herein includes 5-, 6- and 7-membered single-ring 
aromatic groups that may include from zero to four heteroatoms, for example, benzene, pyrrole, 
furan, thiophene, imidazole, oxazole, thiazole, triazole, pyrazole, pyridine, pyrazine, pyridazine 
and pyrimidine, and the like. Those aryl groups having heteroatoms in the ring structure may 
also be referred to as "aryl heterocycles" or "heteroaromatics." The aromatic ring can be 
substituted at one or more ring positions with such substituents as described above, for example, 
halogen, azide, alkyl, aralkyl, alkenyl, alkynyl, cycloalkyl, hydroxyl, alkoxyl, amino, nitro, 
sulfhydryl, imino, amido, phosphonate, phosphinate, carbonyl, carboxyl, silyl, ether, alkylthio, 
sulfonyl, sulfonamido, ketone, aldehyde, ester, heterocyclyl, aromatic or heteroaromatic moieties, 
-CF3, -CN, or the like. The term "aryl" also includes polycyclic ring systems having two or 
more cyclic rings in which two or more carbons are common to two adjoining rings (the rings 
are "fused rings") wherein at least one of the rings is aromatic, e.g., the other cyclic rings can be 
cycloalkyls, cycloalkenyls, cycloalkynyls, aryls and/or heterocyclyls. 

The terms "heterocyclyl" or "heterocyclic group" refer to 3- to 10-membered ring 
structures, more preferably 3- to 7-membered rings, whose ring structures include one to four 
heteroatoms. Heterocycles can also be polycycles. Heterocyclyl groups include, for example, 
thiophene, thianthrene, furan, pyran, isobenzofuran, chromene, xanthene, phenoxathiin, pyrrole, 
imidazole, pyrazole, isothiazole, isoxazole, pyridine, pyrazine, pyrimidine, pyridazine, 
indolizine, isoindole, indole, indazole, purine, quinolizine, isoquinoline, quinoline, phthalazine, 
naphthyridine, quinoxaline, quinazoline, cinnoline, pteridine, carbazole, carboline, 
phenanthridine, acridine, pyrimidine, phenanthroline, phenazine, phenarsazine, phenothiazine, 
furazan, phenoxazine, pyrrolidine, oxolane, thiolane, oxazole, piperidine, piperazine, morpholine, 
lactones, lactams such as azetidinones and pyrrolidinones, sultams, sultones, and the like. The 
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heterocyclic ring can be substituted at one or more positions with sucl^ubstituents as described 
above, as for example, halogen, alkyl, aralkyl, alkenyl, alkynyl, cycloalkyl, hydroxyl, amino, 
nitro, sulfhydryl, imino, amido, phosphonate, phosphinate, carbonyl, carboxyl, silyl, ether, 
alkylthio, sulfonyl, ketone, aldehyde, ester, a heterocyclyl, an aromatic or heteroaromatic moiety, 
-CF3, -CN, or the like. 

The terms "polycyclyl" or "polycyclic group" refer to two or more rings (e.g., 
cycloalkyls, cycloalkenyls, cycloalkynyls, aryls and/or heterocyclyls) in which two or more 
carbons are common to two adjoining rings, e.g., the rings are "fused rings". Rings that are 
joined through non-adjacent atoms are termed "bridged" rings. Each of the rings of the polycycle 
can be substituted with such substituents as described above, as for example, halogen, alkyl, 
aralkyl, alkenyl, alkynyl, cycloalkyl, hydroxyl, amino, nitro, sulfhydryl, imino, amido, 
phosphonate, phosphinate, carbonyl, carboxyl, silyl, ether, alkylthio, sulfonyl, ketone, aldehyde, 
ester, a heterocyclyl, an aromatic or heteroaromatic moiety, -CF3, -CN, or the like. 

The term "carbocycle", as used herein, refers to an aromatic or non-aromatic ring 
in which each atom of the ring is carbon. 

As used herein, the term "nitro" means -N02; the term "halogen" designates -F, 
-CI, -Br or -I; the term "sulfhydryl" means -SH; the term "hydroxyl" means -OH; and the term 
"sulfonyl" means -S02-. 

As used herein, the definition of each expression, e.g. alkyl, m, n, etc., when it 
occurs more than once in any structure, is intended to be independent of its definition elsewhere 
in the same structure. 

It will be understood that "substitution" or "substituted with" includes the implicit 
proviso that such substitution is in accordance with permitted valence of the substituted atom and 
the substituent, and that the substitution results in a stable compound, e.g., which does not 
spontaneously undergo transformation such as by rearrangement, cyclization, elimination, etc. 

As used herein, the term "substituted" is contemplated to include all permissible 
substituents of organic compounds. In a broad aspect, the permissible substituents include 
acyclic and cyclic, branched and unbranched, carbocyclic and heterocyclic, aromatic and 
nonaromatic substituents of organic compounds. Illustrative substituents include, for example, 
those described herein above. The permissible substituents can be one or more and the same or 
different for appropriate organic compounds. For purposes of this invention, the heteroatoms 
such as nitrogen may have hydrogen substituents and/or any permissible substituents of organic 
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s^^vhich satisfy the valences of the hetero^^. 



compounds described herem which satisfy the valences of the heteroatoms. This invention is not 
intended to be limited in any manner by the permissible substituents of organic compounds. 

The phrase "protecting group" as used herein means temporary substituents which 
protect a potentially reactive functional group from undesired chemical transformations. 
Examples of such protecting groups include esters of carboxylic acids, silyl ethers of alcohols, 
and acetals and ketals of aldehydes and ketones, respectively. The field of protecting group 
chemistry has been reviewed (Greene, T.W.; Wuts, P.G.M. Protective Groups in Organic 
Synthesis, 2nd ed.; Wiley: New York, 1991). 

The term "amino acid residue" is known in the art. In general the abbreviations 
used herein for designating the amino acids and the protective groups are based on 
recommendations of the IUPAC-IUB Commission on Biochemical Nomenclature (see 
Biochemistry (1972) 11:1726-1732). In certain embodiments, the amino acids used in the 
application of this invention are those naturally occurring amino acids found in proteins, or the 
naturally occurring anabolic or catabolic products of such amino acids which contain amino and 
carboxyl groups. Particularly suitable amino acid side chains include side chains selected from 
those of the following amino acids: glycine, alanine, valine, cysteine, leucine, isoleucine, serine, 
threonine, methionine, glutamic acid, aspartic acid, glutamine, asparagine, lysine, arginine, 
proline, histidine, phenylalanine, tyrosine, and tryptophan. 

The term "amino acid residue" further includes analogs, derivatives and congeners 
of any specific amino acid referred to herein, as well as C-terminal or N-terminal protected 
amino acid derivatives (e.g. modified with an N-terminal or C-terminal protecting group). For 
example, the present invention contemplates the use of amino acid analogs wherein a side chain 
is lengthened or shortened while still providing a carboxyl, amino or other reactive precursor 
functional group for cyclization, as well as amino acid analogs having variant side chains with 
appropriate functional groups). For instance, the subject compound can include an amino acid 
analog such as, for example, cyanoalanine, canavanine, djenkolic acid, norleucine, 
3-phosphoserine, homoserine, dihydroxy-phenylalanine, 5-hydroxytryptophan, 
1-methylhistidine, 3-methylhistidine, diaminopimelic acid, ornithine, or diaminobutyric acid. 
Other naturally occurring amino acid metabolites or precursors having side chains which are 
suitable herein will be recognized by those skilled in the art and are included in the scope of the 
present invention. 

Also included are the (D) and (L) stereoisomers of such amino acids when the 
structure of the amino acid admits of stereoisomeric forms. The configuration of the amino acids 

366025.1 64 
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and amino acid residues herein are designated by the appropriate symbols (D), (L) or (DL), 
furthermore when the configuration is not designated the amino acid or residue can have the 
configuration (D), (L) or (DL). It will be noted that the structure of some of the compounds of 
this invention includes asymmetric carbon atoms. It is to be understood accordingly that the 
isomers arising from such asymmetry are included within the scope of this invention. Such 
isomers can be obtained in substantially pure form by classical separation techniques and by 
sterically controlled synthesis. For the purposes of this application, unless expressly noted to the 
contrary, a named amino acid shall be construed to include both the (D) or (L) stereoisomers. 
D- and L-a- Amino acids are represented by the following Fischer projections and 
wedge-and-dash drawings. In the majority of cases, D- and L-amino acids have R- and 
S-absolute configurations, respectively. 

A "reversed" or "retro" peptide sequence as disclosed herein refers to that part of 
an overall sequence of covalently-bonded amino acid residues (or analogs or mimetics thereof) 
wherein the normal carboxyl-to amino direction of peptide bond formation in the amino acid 
backbone has been reversed such that, reading in the conventional left-to-right direction, the 
amino portion of the peptide bond precedes (rather than follows) the carbonyl portion. See, 
generally, Goodman, M. and Chorev, M. Accounts of Chem. Res. 1979, 12, 423. 

The reversed orientation peptides described herein include (a) those wherein one 
or more amino-terminal residues are converted to a reversed ("rev") orientation (thus yielding 
a second "carboxyl terminus" at the left-most portion of the iriolecule), and (b) those wherein one 
or more carboxyl-terminal residues are converted to a reversed ("rev") orientation (yielding a 
second "amino terminus" at the right-most portion of the molecule). A peptide (amide) bond 
cannot be formed at the interface between a normal orientation residue and a reverse orientation 
residue. 

Therefore, certain reversed peptide compounds of the invention can be formed by 
utilizing an appropriate amino acid mimetic moiety to link the two adjacent portions of the 
sequences depicted above utilizing a reversed peptide (reversed amide) bond. In case (a) above, 
a central residue of a diketo compound may conveniently be utilized to link structures with two 
amide bonds to achieve a peptidomimetic structure. In case (b) above, a central residue of a 
diamino compound will likewise be useful to link structures with two amide bonds to form a 
peptidomimetic structure. 

The reversed direction of bonding in such compounds will generally, in addition, 
require inversion of the enantiomeric configuration of the reversed amino acid residues in order 
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on of side chains that is similar to that oftne non-reversed peptide. 
The configuration of amino acids in the reversed portion of the peptides is preferably (D), and 
the configuration of the non-reversed portion is preferably (L). Opposite or mixed configurations 
are acceptable when appropriate to optimize a binding activity. 

Certain compounds of the present invention may exist in particular geometric or 
stereoisomeric forms. The present invention contemplates all such compounds, including cis- 
and trans-isomers, R- and S-enantiomers, diastereomers, (D)-isomers, (L)-isomers, the racemic 
mixtures thereof, and other mixtures thereof, as falling within the scope of the invention. 
Additional asymmetric carbon atoms may be present in a substituent such as an alkyl group. All 
such isomers, as well as mixtures thereof, are intended to be included in this invention. 

If, for instance, a particular enantiomer of a compound of the present invention 
is desired, it may be prepared by asymmetric synthesis, or by derivation with a chiral auxiliary, 
where the resulting diastereomeric mixture is separated and the auxiliary group cleaved to 
provide the pure desired enantiomers. Alternatively, where the molecule contains a basic 
functional group, such as amino, or an acidic functional group, such as carboxyl, diastereomeric 
salts are formed with an appropriate optically-active acid or base, followed by resolution of the 
diastereomers thus formed by fractional crystallization or chromatographic means well known 
in the art, and subsequent recovery of the pure enantiomers. 

Contemplated equivalents of the compounds described above include compounds 
which otherwise correspond thereto, and which have the same general properties thereof (e.g. the 
ability to bind to opioid receptors), wherein one or more simple variations of substituents are 
made which do not adversely affect the efficacy of the compound in binding to opioid receptors. 
In general, the compounds of the present invention may be prepared by the methods illustrated 
in the general reaction schemes as, for example, described below, or by modifications thereof, 
using readily available starting materials, reagents and conventional synthesis procedures. 

For purposes of this invention, the chemical elements are identified in accordance 
with the Periodic Table of the Elements, CAS version, Handbook of Chemistry and Physics, 67th 
Ed., 1986-87, inside cover. Also for purposes of this invention, the term "hydrocarbon" is 
contemplated to include all permissible compounds having at least one hydrogen and one carbon 
atom. In a broad aspect, the permissible hydrocarbons include acyclic and cyclic, branched and 
unbranched, carbocyclic and heterocyclic, aromatic and nonaromatic organic compounds which 
can be substituted or unsubstituted. 
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As used herein, the term "transfection" means the introduction of a nucleic acid, 
e.g., an expression vector, into a recipient cell by nucleic acid-mediated gene transfer. 

"Transcriptional regulatory sequence" is a generic term used throughout the 
specification to refer to DNA sequences, such as initiation signals, enhancers, and promoters, 
which induce or control transcription of protein coding sequences with which they are operably 
linked. 

Operably linked is intended to mean that the nucleotide sequence is linked to a 
regulatory sequence in a manner which allows expression of the nucleotide sequence. 
Regulatory sequences are art-recognized and are selected to direct expression of the subject 
peptide. Accordingly, the term transcriptional regulatory sequence includes promoters, 
enhancers and other expression control elements. Such regulatory sequences are described in 
Goeddel; Gene Expression Technology: Methods in Enzymology 185, Academic Press, San 
Diego, CA (1990). 

The term "gene construct" refers to a vector, plasmid, viral genome or the like 
which includes a coding sequence, can transfect cells, preferably mammalian cells, and can cause 
expression of e.g., the ubiquitin protein ligase-target polypeptide interaction domain hybrid of 
the cells transfected with the construct. The term "gene construct" does not include a wild-type 
papillomavirus genome, and preferably does not include expressible coding sequences for one 
or more of the polypeptides of the invention. 

As used herein, the term "pharmaceutically acceptable" refers to a carrier medium 
which does not interfere with the effectiveness of the biological activity of the active ingredients 
and which is not excessively toxic to the hosts of the concentrations of which it is administered. 
The administration(s) may take place by any suitable technique, including subcutaneous and 
parenteral administration, preferably parenteral. Examples of parenteral administration include 
intravenous, intraarterial, intramuscular, and intraperitoneal, with intravenous being preferred. 

A variety of drug screening techniques can be readily adapted to the ubiquitin 
protein ligase/ target polypeptide interaction in order to provide high throughput screening of 
peptide, peptidomimetic or other small molecule libraries. Such assays can be used to optimize 
a lead compound, or to assess the potential inhibitory effect of a test compound. 

In one embodiment, simple competition assays can be used to assess the ability 
of a test compound to disrupt the interaction of the ubiquitin protein ligase/ target polypeptide 
complex. In other embodiments, cell-based assays which detect a target polypeptide activity or 
a ubiquitin protein ligase activity can be used to assess the biological activity of a test compound. 
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In certain embodiments of the present invention, such astor topical administration 
to the epidermis, the subject inhibitor pharmaceutical can be a peptide, e.g., having a naturally 
occurring peptide backbone and amino acid side chains, though it may be N-terminally and/or 
C-terminally protected. 

In preferred embodiments, the peptidyl component of the subject compounds 
includes, in addition to the core WD repeat sequences, as described herein, no more than about 
25 amino acid residues of a protein in which a WD repeat motif naturally exists, more preferably 
no more than 10-15, and even more preferably 6 or less. With the exception of certain chimeric 
WD repeat compositions described herein, such as fusion proteins, a preferred composition 
(especially for ectopic application) includes a peptide comprising a WD repeat core motif and 
having a molecular weight in the range of about 1500 to 7500 daltons, more preferably from 
about 2000 to 5000 daltons, and even more preferably in the range of about 2000 to 2750 daltons. 
The peptide, in addition to the WD repeat core motif, may include other amino acid residues, 
such as a transcytosis peptide, and may be derivatized at one or more backbone or sidechain 
points with , e.g. peptides, nucleic acids, carbohydrates, etc. In certain embodiments, the peptide 
is derivatized with one or more functional groups that enhance cellular uptake and/or alter the 
half-life of the WD repeat core motif. 

This invention further contemplates a method of generating sets of combinatorial 
libraires of the subject WD repeat peptides which is especially useful for identifying potential 
variant sequences (e.g. homologs) that are functional in inhibiting WD repeat mediated 
interactions with target polypeptides. 

Combinatorially-derived homologs can be generated which have, e.g., greater 
affinity, a enhanced potency relative to native peptide sequences, or intracellular half-lives 
different than the corresponding wild-type polypeptide. For example, the altered peptide can be 
rendered either more stable or less stable to proteolytic degradation or other cellular process 
which result in destruction of, or otherwise inactivation of, the peptide. Such homologs can be 
utilized to alter the envelope of therapeutic application by modulating the half-life of the peptide. 
For instance, a short half-life can give rise to more transient biological effects and can allow 
tighter control of peptide levels within the cell. 

In a representative embodiment of this method, the amino acid sequences for a 
population of WD motifs are aligned, preferably to promote the highest homology possible. 
Amino acids which appear at each position of t^e aligned sequences are selected to create a 
degenerate set of combinatorial sequences. To illustrate, multiple WD repeat containing proteins 

366025.1 68 



lignmentsAcombinatorial libraries can be^gen 



are aligned and, based on thes^lignmentsAcx)mbinatorial libraries can bergenerated representing 
WD repeat peptides which have an amino\acid sequence that includes a WD core sequence 
represented by the formula: 

G-H-X (3 " 6) -h-X-X-h-X-r-X-t < 2 \-p-X-h-h-X-X-X-X-D-X-X-X-X-h-W-D 

Peptides larger than the 15-mer core are, of course, also contemplated. Further 
expansion of the combinatorial library can be made, for example, by including amino acids 
which would represent conservative mutations at one or more of the degenerate positions. 
Inclusion of such conservative mutations can give rise to a library of potential WD peptide 
sequences represented by the above formula, but wherein Xaa(l) can be an amino acid residue 
having a polar sidechain, such as arg, asn, asp, cys, glu, gin, his, lys, ser, thr or tyr, as set out by 
the core structures above. Alternatively, amino acid replacement at degenerate positions can be 
based on steric criteria, e.g. isosteric replacement, without regard for polarity or charge of amino 
acid sidechains. Similarly, completely random mutagenesis of one or more of the variant 
positions (Xaa) can be carried out, e.g., each of Xaa(l)-(1 1) can be any of the 20 amino acids (or 
other analogs thereof). 

In one embodiment the WD peptide library can be derived by combinatorial 
chemistry, such as by techniques which are available in the art for generating combinatorial 
libraries of small organic/peptide libraries. See, for example, Blondelle et al. (1995) Trends 
Anal. Chem. 14:83; the Affymax U.S. Patents 5,359,115 and 5,362,899; the Ellman U.S. Patent 
5,288,514; the Still et al. PCT publication WO 94/08051; Chen et al. (1994) JACS 116:2661; 
Kerr et al. (1993) JACS 115:252; PCT publications WO92/10092, WO93/09668 and 
W09 1/07087; and the Lemer et al. PCT publication WO93/20242). 

In a preferred embodiment, the combinatorial peptide library is produced by way 
of a degenerate library of genes encoding a library of polypeptides which each include at least 
a portion of potential WD sequences. For instance, a mixture of synthetic oligonucleotides can 
be enzymatically ligated into gene sequences such that the degenerate set of potential WD 
nucleotide sequences are expressible as individual polypeptides, or alternatively, as a set of larger 
fusion proteins (e.g. for phage display) containing the set of WD peptide sequences therein. 

There are many ways by which the gene library of potential WD homologs can 
be generated from a degenerate oligonucleotide sequence. Chemical synthesis of a degenerate 
gene sequence can be carried out in an automatic DNA synthesizer, and the synthetic genes then 
be ligated into an appropriate gene for expression. The purpose of a degenerate set of genes is 
to provide, in one mixture, all of the sequences encoding the desired set of potential WD 
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sequences. The synthesis of degenerate oligonucleotides is well mown in the art (see for 
example, Narang, SA (1983) Tetrahedron 39:3; Itakura et al. (1981) Recombinant DNA, Proc 
3rd Cleveland Sympos. Macromolecules, ed. AG Walton, Amsterdam: Elsevier pp. 273-289; 
Itakura et al. (1984) Annu. Rev. Biochem. 53:323; Itakura et al. (1984) Science 198:1056; Dee 
et al. (1983) Nucleic Acid Res. 1 1:477. Such techniques have been employed in the directed 
evolution of other proteins (see, for example, Scott et al (1990) Science 249:386-390; Roberts 
et al. (1992) PNAS 89:2429-2433; Devlin et al. (1990) Science 249: 404-406; Cwirla et al. 
(1990) PNAS 87: 6378-6382; as well as U.S. Patents Nos. 5,223,409, 5,198,346, and 5,096,815). 

A wide range of techniques are known in the art for screening gene products of 
combinatorial libraries made by point mutations. Such techniques will be generally adaptable 
for rapid screening of the gene libraries generated by the combinatorial mutagenesis of WD 
sequences. The most widely used techniques for screening large gene libraries typically 
comprises cloning the gene library into replicable expression vectors, transforming appropriate 
cells with the resulting library of vectors, and expressing the combinatorial genes under 
conditions in which detection of a desired activity facilitates relatively easy isolation of the 
vector encoding the gene whose product was detected. Such illustrative assays are amenable to 
high throughput analysis as necessary to screen large numbers of degenerate sequences created 
by combinatorial mutagenesis techniques. 

In an illustrative embodiment of a screening assay, the WD gene library can be 
expressed as a fusion protein on the surface of a viral particle. For instance, in the filamentous 
phage system, foreign peptide sequences can be expressed on the surface of infectious phage, 
thereby conferring two significant benefits. First, since these phage can be applied to affinity 
matrices at very high concentrations, a large number of phage can be screened at one time. 
Second, since each infectious phage displays the combinatorial gene product on its surface, if a 
particular phage is recovered from an affinity matrix in low yield, the phage can be amplified by 
another round of infection. The group of almost identical E.coli filamentous phages Ml 3, fd, 
and fl are most often used in phage display libraries, as either of the phage gill or gVIII coat 
proteins can be used to generate fusion proteins without disrupting the ultimate packaging of the 
viral particle (Ladner et al. PCT publication WO 90/02909; Garrard et al., PCT publication WO 
92/09690; Marks et al. (1992) J. Biol. Chem. 267:16007-16010; Griffths et al. (1993) EMBO J 
12:725-734; Clackson et al. (1991) Nature 352:624-628; and Barbas et al. (1992) PNAS 
89:4457-4461). 
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For example, the recombinant phage antibody system (kPAS, Pharmacia Catalog 
number 27-9400-01) can be easily modified for use in expressing and screening E2 motif 
combinatorial libraries of the present invention. For instance, the pCANTAB 5 phagemid of the 
RPAS kit contains the gene which encodes the phage gin coat protein. The E2 combinatorial 
gene library can be cloned into the phagemid adjacent to the gin signal sequence such that it will 
be expressed as a gill fusion protein. After ligation, the phagemid is used to transform 
competent E. coli TGI cells. Transformed cells are subsequently infected with M13K07 helper 
phage to rescue the phagemid and its candidate E2 gene insert. The resulting recombinant phage 
contain phagemid DNA encoding a specific candidate E2 peptide, and display one or more 
copies of the corresponding fusion coat protein. The phage-displayed candidate proteins which 
are capable of, for example, binding an El protein, are selected or enriched by panning. For 
instance, the phage library can be panned on glutathione immobilized El -GST fusion proteins, 
and unbound phage washed away from the cells. The bound phage is then isolated, and if the 
recombinant phage express at least one copy of the wild type gill coat protein, they will retain 
their ability to infect E. coli. Thus, successive rounds of reinfection of E. coli, and panning will 
greatly enrich for E2 homologs which can then be screened for further PV inhibitory activities. 
Subsequent selection, e.g. of a reduced set of variants from the library, may then be based upon 
more meaningful criteria rather than simple El -binding ability. For instance, intracellular 
half-life or selectivity can become selection criteria in secondary screens. 

Combined with certain formulations, such peptides can be effective intracellular 
agents for, e.g., inhibiting PV infection of epithelial cells. However, in order to increase the 
efficacy of such peptides, the WD peptide can be provided a fusion peptide along with a second 
peptide which promotes "transcytosis", e.g., uptake of the peptide by epithelial cells. To 
illustrate, the WD peptide of the present invention can be provided as part of a fusion polypeptide 
with all or a fragment of the N-terminal domain of the HTV protein Tat, e.g., residues 1-72 of Tat 
or a smaller fragment thereof which can promote transcytosis. In other embodiments, the WD 
peptide can be provided a fusion polypeptide with all or a portion of the antenopedia III protein. 

To further illustrate, the WD peptide (or peptidomimetic) can be provided as a 
chimeric peptide which includes a heterologous peptide sequence ("internalizing peptide") which 
drives the translocation of an extracellular form of a WD peptide sequence across a cell 
membrane in order to facilitate intracellular localization of the WD peptide. In this regard, the 
therapeutic WD sequence is one which is active intracellularly. The internalizing peptide, by 
itself, is capable of crossing a cellular membrane by, e.g., transcytosis, at a relatively high rate. 
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The internalizing pepti^^ conjugated, e.g., as a fusion protein^^the WD peptide. The 
resulting chimeric peptide is transported into cells at a higher rate relative to the activator 
polypeptide alone to thereby provide an means for enhancing its introduction into cells to which 
it is applied, e.g., to enhance topical applications of the WD peptide. 

In one embodiment, the internalizing peptide is derived from the Drosophila 
antennapedia protein, or homologs thereof. The 60 amino acid long long homeodomain of the 
homeo-protein antennapedia has been demonstrated to translocate through biological membranes 
and can facilitate the translocation of heterologous polypeptides to which it is couples. See for 
example Derossi et al. (1994) J Biol Chem 269:10444-10450; and Perez et al. (1992) J Cell Sci 
102:717-722. Recently, it has been demonstrated that fragments as small as 16 amino acids long 
of this protein are sufficient to drive internalization. See Derossi et al. (1996) J Biol Chem 
271:18188-18193. 

The present invention contemplates a WD peptide or peptidomimetic sequence 
as described herein, and at least a portion of the Antennapedia protein (or homolog thereof) 
sufficient to increase the transmembrane transport of the chimeric protein, relative to the WD 
peptide or peptidomimetic, by a statistically significant amount. 

Another example of an internalizing peptide is the HIV transactivator (TAT) 
protein. This protein appears to be divided into four domains (Kuppuswamy et al. (1989) Nucl. 
Acids Res. 17:3551-3561). Purified TAT protein is taken up by cells in tissue culture (Frankel 
and Pabo, (1989) Cell 55:1189-1193), and peptides, such as the fragment corresponding to 
residues 37 -62 of TAT, are rapidly taken up by cell in vitro (Green and Loewenstein, (1989) 
Cell 55:1179-1188). The highly basic region mediates internalization and targeting of the 
internalizing moiety to the nucleus (Ruben et al., (1989) J. Virol. 63:1-8). 

Another exemplary transcellular polypeptide can be generated to include a 
sufficient portion of mastoparan (T. Higashijima et al., (1990) J. Biol. Chem. 265:14176) to 
increase the transmembrane transport of the chimeric protein. 

While not wishing to\e bound by any particular theory, it is noted that 
hydrophilic polypeptides may be also beuDhysiologically transported across the membrane 
barriers by coupling or conjugating the polypeptide to a transportable peptide which is capable 
of crossing the membrane by receptor-mediated f^scytosis. Suitable internalizing peptides of 
this type can be generated using all or a portion of e.g., a histone, insulin, transferrin, basic 
albumin, prolactin and insulin-like growth factor I (IG?-I), insulin-like growth factor II (IGF-II) 
or other growth factors. For instance, it has been found mat an insulin fragment, showing affinity 
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for the insulin receptor on capillary tells, and being less effective than insulin in blood sugar 
reduction, is capable of transmembrane transport by receptor-mediated transcytosis and can 
therefor serve as an internalizing peptide for the subject transcellular peptides and 
peptidomimetics. Preferred growth factor^&tvetf peptidesinclude KGF(egidermal 

growth factor)-derived peptides, such as/^MTTOSLD^ beta 
(transforming growth factor beta )-dOTV^d— peptides; p^tides—derived— from PDGF 
(platelet-derived growth factor) or PDGF-2; peptides derived from IGF-I (insulin-like growth 
factor) or IGF-II; and FGF (fibroblast growth facW)-derived peptides. 

Another class of translocating/internalizing peptides exhibits pH-dependent 
membrane binding. For an internalizing peptide that assumes a helical conformation at an acidic 
pH, the internalizing peptide acquires the property of amphiphilicity, e.g., it has both 
hydrophobic and hydrophilic interfaces. More specifically, within a pH range of approximately 
5.0-5.5, an internalizing peptide forms an alpha-helical, amphiphilic structure that facilitates 
insertion of the moiety into a target membrane. An alpha-helix-inducing acidic pH environment 
may be found, for example, in the low pH environment present within cellular endosomes. Such 
internalizing peptides can be used to facilitate transport of WD peptides and peptidomimetics, 
taken up by an endocytic mechanism, from endosomal compartments to the cytoplasm. 

A preferred pH-dependent membrane-binding internalizing peptide includes a 
high percentage of helix-forming residues, such as glutamate, methionine, alanine and leucine. 
In addition, a preferred internalizing peptide sequence includes ionizable residues having pKa ! s 
within the range of pH 5-7, so that a sufficient uncharged membrane-binding domain will be 
present within the peptide at pH 5 to allow insertion into the target cell membrane. 

A particularly prefe^ internalizing peptide 

in this regard is aal^a2-a^-EAAL^^ which represents a 

modification of the pep^de^equence of S^bafaro~eralr(Biochemimry 26:2964, 1987). Within 
this peptide sequence, the first amino acid n^due (aal) is preferably a unique residue, such as 
cysteine or lysine, that facilitates chemical conjugation of the internalizing peptide to a targeting 
protein conjugate. Amino acid residues 2-3 mayNje selected to modulate the affinity of the 
internalizing peptide for different membranes. For hAlance, if both residues 2 and 3 are lys or 
arg, the internalizing peptide will have the capacity to bind to membranes or patches of lipids 
having a negative surface charge. If residues 2-3 are neutral amino acids, the internalizing 
peptide will insert into neutral membranes. 
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Drelerred internalizing peptides include peptides of; 



Yet other preferred internalizing peptides include peptides of apo-lipoprotein A-l 
and B; peptide toxins, such as melittin, bombolittin, delta hemolysin and the pardaxins; antibiotic 
peptides, such as alamethicin; peptide hormones, such as calcitonin, corticotrophin releasing 
factor, beta endorphin, glucagon, parathyroid hormone, pancreatic polypeptide; and peptides 
corresponding to signal sequences of numerous secreted proteins. In addition, exemplary 
internalizing peptides may be modified through attachment of substituents that enhance the 
alpha-helical character of the internalizing peptide at acidic pH. 

Yet another class of internalizing peptides suitable for use within the present 
invention include hydrophobic domains that are "hidden" at physiological pH, but are exposed 
in the low pH environment of the target cell endosome. Upon pH-induced unfolding and 
exposure of the hydrophobic domain, the moiety binds to lipid bilayers and effects translocation 
of the covalently linked polypeptide into the cell cytoplasm. Such internalizing peptides may 
be modeled after sequences identified in, e.g., Pseudomonas exotoxin A, clathrin, or Diphtheria 
toxin. 

Pore-forming proteins or peptides may also serve as internalizing peptides herein. 
Pore- forming proteins or peptides may be obtained or derived from, for example, C9 
complement protein, cytolytic T-cell molecules or NK-cell molecules. These moieties are 
capable of forming ring-like structures in membranes, thereby allowing transport of attached 
polypeptide through the membrane and into the cell interior. 

Mere membrane intercalation of an internalizing peptide may be sufficient for 
translocation of the WD peptide or peptidomimetic, across cell membranes. However, 
translocation may be improved by attaching to the internalizing peptide a substrate for 
intracellular enzymes (i.e., an "accessory peptide"). It is preferred that an accessory peptide be 
attached to a portion(s) of the internalizing peptide that protrudes through the cell membrane to 
the cytoplasmic face. The accessory peptide may be advantageously attached to one terminus 
of a translocating/internalizing moiety or anchoring peptide. An accessory moiety of the present 
invention may contain one or more amino acid residues. In one embodiment, an accessory moiety 
may provide a substrate for cellular phosphorylation (for instance, the accessory peptide may 
contain a tyrosine residue). 

An exemplary accessory moiety in this regard would be a peptide substrate for 
N-myristoyl transferase, such as GNAAAA^J l (Eubanks et al., in: Peptides. Chemistry and 
Biology, Garland Marshall (ed.), ESCOM, Laden, 1988, pp. 566-69) In this construct, an 
internalizing peptide would be attached to the C-^rminus of the accessory peptide, since the 
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N-terminal glycine for the\accessory moiety's activity, hybrid peptide, upon 

attachment to a WD peptide or peptidomhnetic at its C-terminus, is N-myristylated and further 
anchored to the target cell membrane, e.g.,\J serves to increase the local concentration of the 
peptide at the cell membrane. 

To further illustrate use of an accessory peptide, a phosphorylatable accessory 
peptide is first covalently attached to the C-terminus of an internalizing peptide and then 
incorporated into a fusion protein with a WD peptide or peptidomimetic. The peptide component 
of the fusion protein intercalates into the target cell plasma membrane and, as a result, the 
accessory peptide is translocated across the membrane and protrudes into the cytoplasm of the 
target cell. On the cytoplasmic side of the plasma membrane, the accessory peptide is 
phosphorylated by cellular kinases at neutral pH. Once phosphorylated, the accessory peptide 
acts to irreversibly anchor the fusion protein into the membrane. Localization to the cell surface 
membrane can enhance the translocation of the polypeptide into the cell cytoplasm. 

Suitable accessory peptides include peptides that are kinase substrates, peptides 
that possess a single positive charge, and peptides that contain sequences which are glycosylated 
by membrane-bound glyco transferases. Accessory peptides that are glycosylated by 
membrane-bound glycotransferases may include the sequence x-NLT-x, where "x" may be 
another peptide, an amino acid, coupling agent or hydrophobic molecule, for example. When this 
hydrophobic tripeptide is incubated with microsomal vesicles, it crosses vesicular membranes, 
is glycosylated on the luminal side, and is entrapped within the vesicles due to its hydrophilicity 
(C. Hirschberg et al., (1987) Ann. Rev. Biochem. 56:63-87). Accessory peptides that contain the 
sequence x-NLT-x thus will enhance target cell retention of corresponding polypeptide. 

In another embodiment of this aspect of the invention, an accessory peptide can 
be used to enhance interaction of thV WD peptide or peptidomimetic with the target cell. 
Exemplary accessory peptides in this regaid include peptides derived from cell adhesion proteins 
containing the sequence "RGD", or peptiaes derived from laminin containing the sequence 
CDPGYIGSRC. Extracellular matrix glycoproteins, such as fibronectin and laminin, bind to cell 
surfaces through receptor-mediated processes. A rripeptide sequence, RGD, has been identified 
as necessary for binding to cell surface receptorsv This sequence is present in fibronectin, 
vitronectin, C3bi of complement, von-Willebrand factor, EGF receptor, transforming growth 
factor beta , collagen type I, lambda receptor of E. Coli, fWinogen and Sindbis coat protein (E. 
Ruoslahti, Ann. Rev. Biochem. 57:375-413, 1988). Cell sitffece receptors that recognize RGD 
sequences have been grouped into a superfamily of related proteins designated "integrins". 
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Binding of "RGD peptides' 1 to cell suMace integrins will promote cell-surface retention, and 
ultimately translocation, of the polypeptide. 

As described above, the internalizing and accessory peptides can each, 
independently, be added to WD peptide or peptidomimetic by either chemical cross-linking or 
in the form of a fusion protein. In the instance of fusion proteins, unstructured polypeptide 
linkers can be included between each of the peptide moieties. 

In general, the internalization peptide will be sufficient to also direct export of the 
polypeptide. However, where an accessory peptide is provided, such as an RGD sequence, it 
may be necessary to include a secretion signal sequence to direct export of the fusion protein 
from its host cell. In preferred embodiments, the secretion signal sequence is located at the 
extreme N-terminus, and is (optionally) flanked by a proteolytic site between the secretion signal 
and the rest of the fusion protein. 

In an exemplary embodiment, a WD peptide or peptidomimietic is engineered to 
include an integrin-bmding RGD peptide/S V40 nuclear localization signal (see, for example Hart 
SL et al., 1994; J. Biol. Ohem.,269: 12468-12474), such as encoded by the nucleotide sequence 
provided iriv the Ndel-EcoRl fragment: 

catotgggtggctgccgtggcgatatgt^ggttgcggtgctcctccaaaaaagaagagaaag-gtagctggattc, which encodes 
the RGD/SV40 nucleotide sequence: MGGCRGDMFGCG APP-KKKRKV AGF . In another 
embodiment, the protein can bexengineered with the HIV-1 tat(l-72) polypeptide, e.g., as 
provided b \ the Ndel-EcoRl 

fragmentxatatggagccagtagatcctagacta^agccc-tggaagcatccaggaagtcagcctaaaactgcttgtaccaattgct 
attgtaaaaagtgttgcmcattgccaagmgmcataac^a^gcccttggcatctcctatggcaggaagaagcggagacagcgacg 
aagacctcctcaaggcagtcagactcatcaagtttctctaagttiagcaaggattc, which encodes the HIV-1 tat(l-72) 
peptide \ s e q u e n c e : 

MEPVDPRLEPWKHPGSQPKT-ACTNCYC 

RPPQGSQTHQVSLSKQ. In still another embodiment, the fusion protein includes the HSV-1 
VP22 polypeptide (Elliott G., O'Hare P (1997) Cell, 88:^23-233) provided by the Ndel-EcoRl 
fragment: 

cat atg acc tct cgc cgc tec gtg aag teg ggt ccg egg gag gtt ccg W gat gag tac gag gat ctg tac tac 
acc ccg tct tea ggt atg gcg agt ccc gat agt ccg cct gac acc tec cgcWt ggc gec eta cag aca cgc teg 
cgc cag agg ggc gag gtc cgt ttc gtc cag tac gac gag teg gat tat gec ctk tac ggg ggc teg tea tec gaa 
gac gac gaa cac ccg gag gtc ccc egg acg egg cgt ccc gtt tec ggg gcg gtt ttg tec ggc ccg ggg cct gcg 
egg gcg cct ccg cca ccc get ggg tec gga ggg gec gga cgc aca ccc acc acc g$c ccc egg gec ccc cga 
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acc cag egg gtg gcg act aag gec ccc gcg gec ccg gcg gcg gag acc acc cgc ggc agg aaa teg gee cag 
cca gaa tec gee geketc cca gac gee ccc gcg teg acg gcg cca acc cga tec aag aca ccc gcg cag ggg 
ctg gec aga aag ctg oac ttt age acc gee ccc cca aac ccc gac gcg cca tgg acc ccc egg gtg gec ggc 
ttt aac aag cgc gtc ttc tgegee gcg gtc ggg cgc ctg gcg gee atg cat gee egg atg gcg gcg gtc cag etc 
tgg gac atg teg cgt ccg egb^ca gac gaa gac etc aac gaa etc ctt ggc ate acc acc ate cgc gtg acg gtc 
tgc gag ggc aaa aac ctg ctt ca&cgc gec aac gag ttg gtg aat cca gac gtg gtg cag gac gtc gac gcg gee 
acg gcg act cga ggg cgt tct gcg g^g teg cgc ccc acc gag cga cct cga gee cca gee cgc tec get tct cgc 
ccc aga egg ccc gtc gag gaa ttc \ 

which encodes the HSV-1 VP22 peptHte having the sequence: 

MTSRRSVKSGPREVPRDEYEDLYY^SSGMASPDSPPDTSRRGALQTRSRQRGEVI^ 

VQYDESDYALYGGSSSEDDEHPEWRTRRPVSGAVLSGPGPARAPPPPAGSGGAGRT 

PTTAPRAPRTGRVATKAPAAPAAETTRG^ 

LARKiHFSTAPPNPDAPWTPRVAGFNK^ 

PRTDEDLNELLGITTIRVTVCEGKNLLQRAN^VNPDW 

TERPRAPARSASRPRRPVE \ 

In still another embodiment, the fusion protein includes the C-terminal domain 
of the VP22 protein from, e.g., theWcleotide sequence (Ndel-EcoRl fragment): 
cat atg gac gtc gac gcg gec acg gcg att cga ggg cgt tct gcg gcg teg cgc ccc acc gag cga cct cga 
gec cca gee cgc tec get tct cgc ccc aga ogg ccc gtc gag gaa ttc 

which encodes the VP22 Vc-terminal domain) peptide sequence: 

mdvdaatatrgrsa-asrpterprapArsasrprrpve 

In certain instances, it may also be desirable to Include a nuclear localization signal as part of the 
WD peptide. \ 

In the generation of fusion polypeptides including ffle subject WD peptides, it may be necessary 
to include unstructured linkers in order to ensure proper folding of the various peptide domains, 
and prevent steric or other inteference of the heterologous domains with the PV inhibitory 
activity of the WD peptide. Many synthetic and natural linkers are known in the art and can be 
adapted for use in the present invention, including the (Gly3Ser)4 linker. 

In other embodiments, the subject WD therapeutics are peptidomimetics of the 
WD peptide. Peptidomimetics are compounds based on, or derived from, peptides and proteins. 
The WD peptidomimetics of the present invention typically can be obtained by structural 
modification of a known WD peptide sequence using unnatural amino acids, conformational 
restraints, isosteric replacement, and the like. The subject peptidomimetics constitute the 
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continum of structural space between peptides and non-peptide synthetic structures; WD 
peptidomimetics may be useful, therefore, in delineating pharmacophores and in helping to 
translate peptides into nonpeptide compounds with the activity of the parent WD peptides. 
Moreover, as is apparent from the present disclosure, mimetopes of the subject WD peptides can 
be provided. Such peptidomimetics can have such attributes as being non-hydrolyzable (e.g., 
increased stability against proteases or other physiological conditions which degrade the 
corresponding peptide), increased specificity and/or potency for inhibition of PV replication, and 
increased cell permeability for intracellular localization of the peptidomimetic. For illustrative 
purposes, peptide analogs of the present invention can be generated using, for example, 
benzodiazepines (e.g., see Freidinger et al. in Peptides: Chemistry and Biology, G.R. Marshall 
ed., ESCOM Publisher: Leiden, Netherlands, 1988), substituted gama lactam rings (Garvey et 
al. in Peptides: Chemistry and Biology, G.R. Marshall ed., ESCOM Publisher: Leiden, 
Netherlands, 1988, pi 23), C-7 mimics (Huffman et al. in Peptides: Chemistry and Biologyy, 
G.R. Marshall ed., ESCOM Publisher: Leiden, Netherlands, 1988, p. 105), keto-methylene 
pseudopeptides (Ewenson et al. (1986) J Med Chem 29:295; and Ewenson et al. in Peptides: 
Structure and Function (Proceedings of the 9th American Peptide Symposium) Pierce Chemical 
Co. Rockland, IL, 1985), b-turn dipeptide cores (Nagai et al. (1985) Tetrahedron Lett 26:647; 
and Sato et al. (1986) J Chem Soc Perkin Trans 1:1231), b-aminoalcohols (Gordon et al. (1985) 
Biochem Biophys Res Communl26:419; and Dann et al. (1986) Biochem Biophys Res Commun 
134:71), diaminoketones (Natarajan et al. (1984) Biochem Biophys Res Commun 124:141), and 
methyleneamino-modifed (Roark et al. in Peptides: Chemistry and Biology, G.R. Marshall ed., 
ESCOM Publisher: Leiden, Netherlands, 1988, pi 34). Also, see generally, Session HI: Analytic 
and synthetic methods, in in Peptides: Chemistry and Biology, G.R. Marshall ed., ESCOM 
Publisher: Leiden, Netherlands, 1988) 

In addition to a variety of sidechain replacements which can be carried out to generate the subject 
WD peptidomimetics, the present invention specifically contemplates the use of 
conformationally restrained mimics of peptide secondary structure. Numerous surrogates have 
been developed for the amide bond of peptides. Frequently exploited surrogates for the amide 
bond include the following groups (i) trans-olefins, (ii) fluoroalkene, (iii) methyleneamino, (iv) 
phosphonamides, and (v) sulfonamides. 

Additionally, peptidomimietics based on more substantial modifications of the 
backbone of the WD peptide can be used. Peptidomimetics which fall in this category include 
(i) retro-inverso analogs, and (ii) N-alkyl glycine analogs (so-called peptoids). 
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Furthermore, the methods of combinatorial chemistry are being brought to bear, 
e,g„ by G.L. Verdine at Harvard University, on the development of new peptidomimetics. For 
example, one embodiment of a so-called "peptide morphing" strategy focuses on the random 
generation of a library of peptide analogs that comprise a wide range of peptide bond substitutes. 

Such retro-inverso analogs can be made according to the methods known in the 
art, such as that described by the Sisto et al. U.S. Patent 4,522,752. For example, the illustrated 
retro-inverso analog can be generated as follows. The geminal diamine corresponding to the 
N-terminal tryptophan is synthesized by treating a protected tryptophan analog with ammonia 
under HOBT-DCC coupling conditions to yield the N-Boc amide, and then effecting a 
Hofmann-type rearrangement with I,I-bis-(trifluoroacetoxy)iodobenzene (TIB), as described in 
Radhakrishna et al. (1979) J. Org. Chem. 44:1746. The product amine salt is then coupled to a 
side-chain protected (e.g., as the benzyl ester) N-Fmoc D-lys residue under standard conditions 
to yield the pseudodipeptide. The Fmoc (fluorenylmethoxycarbonyl) group is removed with 
piperidine in dimethylformamide, and the resulting amine is trimethylsilylated with 
bistrimethylsilylacetamide (BSA) before condensation with suitably alkylated, side-chain 
protected derivative of Meldrum's acid, as described in U.S. Patent 5,061,81 1 to Pinori et al., to 
yield the retro-inverso tripeptide analog WKH. The pseudotripeptide is then coupled with with 
an L-methionine analog under standard conditions to give the protected tetrapeptide analog. The 
protecting groups are removed to release the product, and the steps repeated to enlogate the 
tetrapeptide to the full length peptidomimetic. It will be understood that a mixed peptide, e.g. 
including some normal peptide linkages, will be generated. As a general guide, sites which are 
most susceptible to proteolysis are typically altered, with less susceptible amide linkages being 
optional for mimetic switching The final product, or intermediates thereof, can be purified by 
HPLC. 

Retro-enantio analogs such as this can be synthesized commercially available 
D-amino acids (or analogs thereof) and standard solid- or solution-phase peptide-synthesis 
techniques. For example, in a preferred solid-phase synthesis method, a suitably amino-protected 
(t-butyloxycarbonyl, Boc) D-trp residue (or analog thereof) is covalently bound to a solid support 
such as chloromethyl resin. The resin is washed with dichloromethane (DCM), and the BOC 
protecting group removed by treatment with TFA in DCM. The resin is washed and neutralized, 
and the next Boc-protected D-amino acid (D-lys) is introduced by coupling with 
diisopropylcarbodiimide. The resin is again washed, and the cycle repeated for each of the 
remaining amino acids in turn (D-his, D-met, etc). When synthesis of the protected retro-enantio 
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peptide is complete, the protecting groups are removed and the peptide cleaved from the solid 
support by treatment with hydrofluoric acid/anisole/dimethyl sulfide/thioanisole. The final 
product is purified by HPLC to yield the pure retro-enantio analog. 

The trans olefin analog of a WD peptide can be synthesized according to the 
method of Y.K. Shue et al. (1987) Tetrahedron Letters 28:3225. Referring to the illustrated 
example, Boc-amino L-Ile is converted to the corresponding a-amino aldehyde, which is treated 
with a vinylcuprate to yield a diastereomeric mixture of alcohols, which are carried on together. 
The allylic alcohol is acetylated with acetic anhydride in pyridine, and the olefin is cleaved with 
osmium tetroxide/sodium periodate to yield the aldehyde, which is condensed with the Wittig 
reagent derived from a protected tyrosine precursor, to yield the allylic acetate. The allylic 
acetate is selectively hydrolyzed with sodium carbonate in methanol, and the allylic alcohol is 
treated with triphenylphosphine and carbon tetrabromide to yield the allylic bromide. This 
compound is reduced with zinc in acetic acid to give the transposed trans olefin as a mixture of 
diastereomers at the newly-formed center. The diastereomers are separated and the 
pseudodipeptide is obtained by selective transfer hydrogenolysis to unveil the free carboxylic 
acid. \ 

The pseudodipeptide is themcoupled at the C-terminus, according to the above 
example, with a suitably protected tyrosine residue, and at the N-terminus with a protected 
alanine residue, by standard techniques, to yield tfte protected tetrapeptide isostere A-I-Y-Y. The 
terapeptide is then further condensed with the olefinic tripeptide analog derived by similar means 
for Lys-Ala-Arg, and so forth to build up the full WDtoeptide. The protecting groups are then 
removed with strong acid to yield the desired peptide analog, which can be further purified by 
HPLC. \ 

Other pseudodipeptides can be made by the method set forth above merely by 
substitution of the appropriate starting Boc amino acid and Wittig reagent. Variations in the 
procedure may be necessary according to the nature of the reagents used, but any such variations 
will be purely routine and will be obvious to one of skill in the art. 

It is further possible couple the pseudodipeptides synthesized by the above 
method to other pseudodipeptides, to make peptide analogs with several olefinic functionalities 
in place of amide functionalities. For example, pseudodipeptides corresponding to Met-Arg or 
Tyr-Lys, etc. could be made and then coupled together by standard techniques to yield an analog 
of the WD peptide which has alternating olefinic bonds between residues. 
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The synthesis of such phosphonate derivatives can be adapted from known 
synthesis schemes. See, for example, Loots et al. in Peptides: Chemistry and Biology, (Escom 
Science Publishers, Leiden, 1988, p. 118); Petrillo et al. in Peptides: Structure and Function 
(Proceedings of the 9th American Peptide Symposium, Pierce Chemical Co. Rockland, IL, 
1985). 

Many other peptidomimetic structures are known in the art and can be readily 
adapted for use in the the subject WD peptidomimetics. To illustrate, the WD peptidomimetic 
may incorporate the l-azabicyclo[4.3.0]nonane surrogate ( see Kim et al. (1997) J. Org. Chem. 
62:2847), or an N-acyl piperazic acid (see Xi et al. (1998) J. Am. Chem. Soc. 120:80), or a 
2-substituted piperazine moiety as a constrained amino acid analogue (see Williams et al. (1996) 
J. Med. Chem. 39:1345-1348). In still other embodiments, certain amino acid residues can be 
replaced with aryl and bi-aryl moieties, e.g., monocyclic or bicyclic aromatic or heteroaromatic 
nucleus, or a biaromatic, aromatic-heteroaromatic, or biheteroaromatic nucleus. 
The subject WD peptidomimetics can be optimized by, e.g., combinatorial synthesis techniques 
combined with such high throughput screening as described herein. 

Moreover, other examples of mimetopes include, but are not limited to, 
protein-based compounds, carbohydrate-based compounds, lipid-based compounds, nucleic 
acid-based compounds, natural organic compounds, synthetically derived organic compounds, 
anti-idiotypic antibodies and/or catalytic antibodies, or fragments thereof. A mimetope can be 
obtained by, for example, screening libraries of natural and synthetic compounds for compounds 
capable of inhibiting El -WD interaction. A mimetope can also be obtained, for example, from 
libraries of natural and synthetic compounds, in particular, chemical or combinatorial libraries 
(i.e., libraries of compounds that differ in sequence or size but that have the same building 
blocks). A mimetope can also be obtained by, for example, rational drug design. In a rational 
drug design procedure, the three-dimensional structure of a compound of the present invention 
can be analyzed by, for example, nuclear magnetic resonance (NMR) or x-ray crystallography. 
The three-dimensional structure can then be used to predict structures of potential mimetopes by, 
for example, computer modelling, the predicted mimetope structures can then be produced by, 
for example, chemical synthesis, recombinant DNA technology, or by isolating a mimetope from 
a natural source (e.g., plants, animals, bacteria and fungi). 

According to another aspect of this invention, WD peptides and peptidomimetics 
may be administered directly to PV infected cells. Direct delivery of such WD therapeutics may 
be facilitated by formulation of the peptidyl compound in any pharmaceutically acceptable 
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dosage form, e.g., for delivery orally, intratumorally, peritumorally, interlesionally, 
intravenously, intramuscularly, subcutaneously, periolesionally, or (preferably) topical routes, 
to exert local therapeutic effects. 

Topical administration of the therapeutic is advantageous since it allows localized 
concentration at the site of administration with minimal systemic adsorption. This simplifies the 
delivery strategy of the agent to the disease site and reduces the extent of toxicological 
characterization. Furthermore, the amount of material to be applied is far less than that required 
for other administration routes. Effective delivery requires the agent to diffuse into the affected 
cells. Successful intracellular delivery of agents not naturally taken up by cells has been 
achieved by exploiting the natural process of intracellular membrane fusion, or by direct access 
of the cell's natural transport mechanisms which include endocytosis and pinocytosis (Duzgunes 
(1985) Subcellular Biochemistry 11:195-286). Such processes are also useful in the direct 
delivery and uptake of the subject WD peptides and peptidomimetic by papillomavirus-infected 
cells. 

In one embodiment, the membrane barrier can be overcome by associating the 
WD protein in complexes with lipid formulations closely resembling the lipid composition of 
natural cell membranes. In particular, the subject WD peptidomimetics are encapsulated in 
liposomes to form pharmaceutical preparations suitable for administration to living cells and, in 
particular, suitable for topical administration to human skin. The Yarosh U.S. Patent 5,190,762 
demonstrates that proteins can be delivered across the outer skin layer and into living cells, 
without receptor binding, by liposome encapsulation. 

These lipids are able to fuse with the cell membranes on contact, and in the 
process, the associated WD peptidomimetic is delivered intracellularly. Lipid complexes can not 
only facilitate intracellular transfers by fusing with cell membranes but also by overcoming 
charge repulsions between the cell membrane and the molecule to be inserted. The lipids of the 
formulations comprise an amphipathic lipid, such as the phospholipids of cell membranes, and 
form hollow lipid vesicles, or liposomes, in aqueous systems. This property can be used to entrap 
the WD peptidomimetic within the liposomes. 

Liposomes offer several advantages: They are non-toxic and biodegradable in 
composition; they display long circulation half-lives; and recognition molecules can be readily 
attached to their surface for targeting to tissues. Finally, cost effective manufacture of 
liposome-based pharmaceuticals, either in a liquid suspension or lyophilized product, has 
demonstrated the viability of this technology as an acceptable drug delivery system. 
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Liposomesnave been described in the art as in vivodelivery vehicles. The 
structure of various types of lipid aggregates varies, depending on composition and method of 
forming the aggregate. Such aggregates include liposomes, unilamellar vesicles, multilameller 
vesicles, micelles and the like, having particle sizes in the nanometer to micrometer range. 
Methods of making lipid aggregates are by now well-known in the art. For example, the 
liposomes may be made from natural and synthetic phospholipids, glycolipids, and other lipids 
and lipid congeners; cholesterol, cholesterol derivatives and other cholesterol congeners; charged 
species which impart a net charge to the membrane; reactive species which can react after 
liposome formation to link additional molecules to the liposome membrane; and other lipid 
soluble compounds which have chemical or biological activity. 

In one embodiment, pH sensitive liposomes are a preferred type of liposome for 
use with the present invention. One pathway for the entry of liposomes into cellular cytoplasm 
is by endocytosis into lysozymes of low pH. Accordingly, liposomes which are stable at neutral 
pH but release their contents at acidic pH can be used to deliver enzymes into the lysozymes of 
the cytoplasm, whereupon the contents are released. 

Liposomes can be made sensitive to the low pH of the lysozymes by the lipid 
composition. In particular, pH sensitive liposomes can be prepared by using phospholipids 
which form lipid bilayers when charged but fail to stack in an ordered fashion when neutralized. 
An example of such a phospholipid is phosphatidylethanolamine, which is negatively charged 
above pH 9. The net charge of a phospholipid can be maintained at a pH which would otherwise 
neutralize the head groups by including charged molecules in the lipid bilayer which themselves 
can become neutralized. Examples of these charged molecules are oleic acid and cholesteryl 
hemisuccinate, which are negatively charged at neutral pH but become neutralized at pH 5. The 
effect of combining these together in a lipid bilayer is that at pH 9 all molecules are charged; at 
pH 7 the net negative charge of the oleic acid and cholesteryl hemisuccinate maintains the 
stability of the phosphatidylethanolamine, and at pH 5 all components are protonated and the 
lipid membrane is destabilized. Additional neutral molecules, such as phosphatidylcholine, can 
be added to the liposomes as long as they do not interfere with stabilization of the pH sensitive 
phospholipid by the charged molecules. 

In another embodiment, the WD peptidomimetic is formulated with a positively 
charged synthetic (cationic) lipid N-[l-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium 
chloride (DOTMA), in the form of liposomes, or small vesicles, which can fuse with the 
negatively charged lipids of the cell membranes of mammalian cells, resulting in uptake of the 
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contents of the liposome (see, for example, Feigner et al. (1987) PNA5T84:74 13-74 17; and U.S. 
Pat. No. 4,897,355 to Eppstein, D. et al.). Another cationic lipid which can be used to generate 
WD peptidomimetic containing liposomes is the DOTMA analogue, 
1 ,2-bis(oleoyloxy)-3-(trimethyl-ammonio)propane (DOTAP) in combination with a phospholipid 
to form delivery vesicles. 

Lipofectin™ (Bethesda Research Laboratories, Gaithersburg, Md.) and/or 
LipofectAMINE™, commercially available reagents, can be used to deliver the WD 
peptidomimetic directly into cells. Positively charged complexes prepared in this way 
spontaneously attach to negatively charged cell surfaces, fuse with the plasma membrane, and 
can efficiently deliver functional WD peptidomimetic into, for example, keratinocytes. Sells et 
al. (1995) Biotechniques 19:72-76 describe a procedure for delivery of purified proteins into a 
variety of cells using such ploycationic lipid preparations. 

A significant body of information is emerging regarding the use of other cationic 
lipids for the delivery of macromolecules into cells. Other suitable lipid vesicles for direct 
delivery of the WD peptidomimetic include vesicles containing a quaternary ammonium 
surfactant (Ballas et al. (1988) Biochim. Biophys Acta 939:8-18); lipophilic derivatives of 
spermine (Behr et al. (1989) PNAS 86:6982-6986). 

The lipid formulations of the subject WD peptidomimetic can be used in 
pharmaceutical formulations to deliver the WD peptidomimetic by various routes and to various 
sites in the animal body to achieve the desired therapeutic effect. Local or systemic delivery of 
the therapeutic agent can be achieved by administration comprising application or insertion of 
the formulation into body cavities, inhalation or insufflation of an aerosol, or by parenteral 
introduction, comprising intramuscular, intravenous, intradermal, peritoneal, subcutaneous and 
topical administration. 

Topical formulations are those advantageously applied to the skin or mucosa. 
Target mucosa can be that of the vaginal, cervical, vulvar, penal or anorectal mucosa, or target 
mucosa can be that of the gastrointestinal tract, comprising the mouth, larynx, esophagous and 
stomach. Lipids present in topical formulations can act to facilitate introduction of therapeutic 
WD peptidomimetic into the target tissue, such as the stratum or corneum of the skin, by 
perturbing the barrier properties of the protective membrane, or by introducing perturbing agents 
or penetration enhancers such as DMSO, Azone™ or by promoting the activity of these 
penetration enhancers. 
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Other pharmaceutical formulations comprising the cationic lipids of the invention 
are topical preparations containing an anesthetic or cytostatic agent, immunomodulators, 
bioactive peptides or oligonucleotides, sunscreens or cosmetics. Preparations for topical use are 
conveniently prepared with hydrophilic and hydrophobic bases in the form of creams, lotions, 
ointments or gels; alternatively, the preparation may be in the form of a liquid that is sprayed on 
the skin. The effect of the cationic lipids is to facilitate the penetration of the active antiviral 
agent through the stratum corneum of the dermis. 

The composition and form of pharmaceutical preparations comprising the 
liposome, in combination with the WD peptidomimetic, can vary according to the intended route 
of administration. 

Also, by suitable modifications of the liposome membranes, the liposomes can 
be made to bind to specific sub-populations of cells. 

In still another embodiment, the therapeutic WD peptidomimetic can be delivered 
by way of an artificial viral envelope (AVE). The art as described a number of viral envelopes 
which which exploit molecular recognition of cell surface receptors by viral surface proteins as 
a means for selective intracellular delivery of macromolecules, including proteins. According 
to the method of Schreier, et. al., U.S. Patent 5,252,348, a virtually unlimited number of artificial 
viral envelopes can be prepared and applied using recombinant or isolated surface determinants. 
For example, the AVEs be generated as viral mimetics of a number of human viruses including 
arboviruses; flaviviridae; bunyaviridae; hepatitis viruses; Epstein-Barr viruses; herpes viruses; 
paramyxoviruses; respiratory syncytical virus; retroviruses including human T-lymphotrophic 
virus type I and II (HTLV-I/II) and human immunodeficiency virus type 1 and 2 (HIV- 1/2 ); 
rhinoviruses; orthopoxviruses; and human papilloma viruses (particularly those engineered not 
to express E6 and/or E7). 

In another embodiment, direct delivery of a therapeutic WD peptidomimetic may 
be facilitated by chemical modification of the polypeptide itself. One such modification involves 
increasing the lipophilicity of the WD peptidomimetic in order to increase binding to the cell 
surface, in turn, stimulating non-specific endocytosis of the protein. Lipophilicity may be 
increased by adding a lipophilic moiety (e.g., one or more fatty acid molecules) to the WD 
peptidomimetic. A wide variety of fatty acids may be employed. For example, the protein may 
be palmitoylated. Alternatively, a lipopeptide may be produced by fusion or cross-linking, to 
permit the WD peptidomimetic to resemble the natural lipopeptide from E.coli, 
tripalmitoyl-S-glycerylcysteil-seryl-serine, at its amino terminus. This lipopeptide has been 
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shown to increase the uptake of fused peptides (P. Hoffmann et aT, (1988) Immunobiol. 
177:158-70). Lipophilicity may also be increased by esterification of the protein at tyrosine 
residues or other amino acid residues. And uptake of the WD peptidomimetic may be increased 
by addition of a basic polymer such as polyarginine or poly lysine (Shen et al. (1978) PNAS 
75:1872-76). 

Direct delivery of WD peptidomimetics according to this invention may also be 
effected by the use of transport moieties, such as protein carriers known to cross cell membranes. 
For example, a WD peptide may be fused to a carrier protein, preferably by a genetic fusion 
which may be expressed in a system such as E.coli, barulovirus or yeast. According to one 
embodiment of this invention, the amino terminus of the WD peptide may be fused to the 
carboxy terminus of a transport moiety using standard techniques. 

Nucleotide sequences encoding such carrier- WD peptide fusion proteins, 
operatively linked to regulatory sequences, may be constructed and introduced into appropriate 
expression systems using conventional recombinant DNA procedures. The resulting fusion 
protein may then be purified and tested for its capacity to (1) enter intact eukaryotic cells and (2) 
inhibit viral DNA replication once inside the intact eukaryotic cells. 

Useful carrier proteins include, for example, bacterial hemolysins or "blending 
agents", such as alamethicin or sulfhydryl activated lysins. Other carrier moieties which may be 
used include cell entry components of bacterial toxins, such as Pseudomonas exotoxin, tetanus 
toxin, ricin toxin, and diphtheria toxin. Also useful is melittin, from bee venom. Other useful 
carrier proteins include proteins which are viral receptors, cell receptors or cell ligands for 
specific receptors that are internalized, i.e., those which cross mammalian cell membranes via 
specific interaction with cell surface receptors, recognized and taken into the cell by cell surface 
receptors. Such cell ligands include, for example, epidermal growth factor, fibroblast growth 
factor, transferrin and platelet-derived growth factor. Alternatively, the ligand may be a 
non-peptide, such as mannose-6-phosphate, which permits internalization by the 
mannose-6-phosphate receptor. The transport moiety may also be selected from bacterial 
immunogens, parasitic immunogens, viral immunogens, immunoglobulins or fragments thereof 
that bind to target molecules, cytokines, growth factors, colony stimulating factors and 
hormones. A transport moiety may also be derived from the tat protein of HIV-1. 

As an alternative or addition to the above-described chemical modifications and 
protein carriers, which may be employed alone or in combination, other agents which allow 
penetration of the keratinized cell layer may be employed to facilitate delivery of the WD 
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peptidomimetics of this invention to papillomavirus-infected cells. In topical applications, for 
example, the WD peptidomimetic may be administered in combination with dimethylsulfoxide, 
an agent which promotes penetration of cell membranes by substances mixed with it. Useful 
keratinolytic agents include, for example, salicylic acid, urea, and alpha -hydroxyacids. For such 
applications, the WD peptidomimetic and any other agent may be administered topically, in 
cream or gel form. 

According to an alternate embodiment of this invention, the therapeutic WD 
peptidomimetic may be administered serially or in combination with other therapeutics used in 
the treatment of papillomavirus infections or diseases caused by them. Such therapeutics include 
interferons, such as IFN-g , IFN-a and IFN-b derived from natural sources or produced by 
recombinant techniques, other cell mediators formed by leukocytes or produced by recombinant 
techniques such as for example, interleukin-1, interleukin-2, tumor necrosis factor, macrophage 
colony stimulating factor, macrophage migration inhibitory factor, macrophage activation factor, 
lymphotoxin and fibroblast growth factor. Alternatively, the WD peptidomimetic may be 
administered serially or in combination with conventional therapeutic agents or regimens such 
as, for example, salicylic acid, podophyllotoxin, retinoic acid, surgery, laser therapy and 
cryotherapy. Such combination therapies may advantageously utilize less than conventional 
dosages of those agents, or involve less radical regimens, thus avoiding any potential toxicity or 
risks associated with those therapies. 

It will also be understood by those skilled in the art that any of the above 
enumerated delivery methods may be augmented, where topical application is being carried out, 
by the use of ultrasound or iontophoretic delivery devises which facilitate transdermal delivery 
of proteins. See, for example, Banga et al. (1993) Pharm Res 10:697-702; and Mitragotri et al. 
(1995) Science 269:850-853. 

In another aspect, the present invention relates to gene therapy constructs 
containing a nucleic acid encoding, for example in an exemplary method, a WD peptide of the 
present invention, operably linked to at least one transcriptional regulatory sequence. The gene 
constructs of the present invention are formulated to be used as a part of a gene therapy protocol 
to deliver the subject therapeutic protein to an animal to be treated. 

Any of the methods known to the art for the insertion of DNA fragments into a 
vector may be used to construct expression vectors consisting of appropriate transcriptional/ 
translational control signals and the desired WD peptide-encoding nucleotide sequence. See, for 
example, Maniatis T., Fritsch E.F., and Sambrook J. (1989): Molecular Cloning (A Laboratory 
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Manual), Cold Spring Harbor Laboratory, Cold Spring Harbor, New York; and Ausubel F.M., 
Brent R., Kingston R.E., Moore, D.D., Seidman J.G., Smith J.A., and Struhl K. (1992): Current 
Protocols in Molecular Biology, John Wiley & Sons, New York. These methods may include 
in vitro DNA recombinant and synthetic techniques and in vivo genetic recombination. 
Expression of a nucleic acid sequence encoding a WD peptide may be regulated by a second 
nucleic acid sequence so that the peptide is expressed in a host infected or transfected with the 
recombinant DNA molecule. For example, expression of a WD peptide may be controlled by 
any promoter/enhancer element known in the art. The promoter activation may be tissue specific 
or inducible by a metabolic product or administered substance. 

Promoters/enhancers which may be used to control the expression of the WD 
peptide in vivo include, but are not limited to, the native WD promoter, the cytomegalovirus 
(CMV) promoter/enhancer (Karasuyama et al., 1989, J. Exp. Med., 169: 13), the human b-actin 
promoter (Gunning et al. (1987) PNAS 84:4831-4835), the glucocorticoid-inducible promoter 
present in the mouse mammary tumor virus long terminal repeat (MMTV LTR) (Klessig et al. 
(1984) Mol. Cell Biol. 4:1354-1362), the long terminal repeat sequences of Moloney murine 
leukemia virus (MuLV LTR) (Weiss et al. (1985) RNA Tumor Viruses, Cold Spring Harbor 
Laboratory, Cold Spring Harbor, New York), the SV40 early or late region promoter (Bemoist 
et al. (1981) Nature 290:304-310; Templeton et al. (1984) Mol. Cell Biol., 4:817; and Sprague 
et al. (1983) J. Virol., 45:773), the promoter contained in the 3' long terminal repeat of Rous 
sarcoma virus (RSV) (Yamamoto et al., 1980, Cell, 22:787-797), the herpes simplex virus (HSV) 
thymidine kinase promoter/enhancer (Wagner et al. (1981) PNAS 82:3567-71), and the herpes 
simplex virus LAT promoter (Wolfe et al. (1992) Nature Genetics, 1 :379-384), and Keratin gene 
promoters, such as Keratin 14. 

Expression constructs of the subject WD peptides may be administered in any 
biologically effective carrier, e.g. any formulation or composition capable of effectively 
delivering the recombinant gene to cells in vivo. Approaches include insertion of the WD peptide 
coding sequence in viral vectors including recombinant retroviruses, adenovirus, 
adeno-associated virus, and herpes simplex virus- 1, or recombinant eukaryotic plasmids. Viral 
vectors transfect cells directly; plasmid DNA can be delivered with the help of, for example, 
cationic liposomes (lipofectin) or derivatized (e.g. antibody conjugated), poly lysine conjugates, 
gramacidin S, artificial viral envelopes or other such intracellular carriers, as well as direct 
injection of the gene construct or CaP04 precipitation carried out in vivo. It will be appreciated 
that because transduction of appropriate target cells represents the critical first step in gene 

366025.1 88 



therapy, choice of the particular gene delivery system will depend on such factors as the 
phenotype of the intended target and the route of administration, e.g. locally or systemically. 

A preferred approach for in vivo introduction of nucleic acid into a cell is by use 
of a viral vector containing nucleic acid encoding the particular WD peptide desired. Infection 
of cells with a viral vector has the advantage that a large proportion of the targeted cells can 
receive the nucleic acid. Additionally, molecules encoded within the viral vector, e.g., the 
recombinant WD peptide, are expressed efficiently in cells which have taken up viral vector 
nucleic acid. 

In addition to viral transfer methods, such as those illustrated above, non-viral 
methods can also be employed to cause expression of a WD peptide in the tissue of an animal. 
Most nonviral methods of gene transfer rely on normal mechanisms used by mammalian cells 
for the uptake and intracellular transport of macromolecules. In preferred embodiments, 
non-viral gene delivery systems of the present invention rely on endocytic pathways for the 
uptake of the WD peptide-encoding gene by the targeted cell. Exemplary gene delivery systems 
of this type include liposomal derived systems, poly-lysine conjugates, and artificial viral 
envelopes. 

In clinical settings, the gene delivery systems for the therapeutic WD peptide 
coding sequence can be introduced into a patient by any of a number of methods, each of which 
is familiar in the art. For instance, a pharmaceutical preparation of the gene delivery system can 
be introduced systemically, e.g. by intravenous injection, and specific transduction of the protein 
in the target cells occurs predominantly from specificity of transfection provided by the gene 
delivery vehicle, cell-type or tissue-type expression due to the transcriptional regulatory 
sequences controlling expression of the receptor gene, or a combination thereof. In other 
embodiments, initial delivery of the recombinant gene is more limited with introduction into the 
animal being quite localized. For example, the gene delivery vehicle can be introduced by 
catheter (see U.S. Patent 5,328,470) or "gene gun" techniques. In preferred embodiments, the 
gene therapy construct of the present invention is applied topically to an infected or transformed 
cells of the skin or mucusal tisue. A WD peptide gene construct can, in one embodiment, be 
delivered in a gene therapy construct by electroporation using techniques described, for example, 
by Dev et al. ((1994) Cancer Treat Rev 20:105-1 15). 

The pharmaceutical preparation of the gene therapy construct can consist 
essentially of the gene delivery system in an acceptable diluent, or can comprise a slow release 
matrix in which the gene delivery vehicle is imbedded. Alternatively, where the complete gene 
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delivery system can be produced intact from recombinant cells, e.g. retroviral vectors, the 
pharmaceutical preparation can comprise one or more cells which produce the gene delivery 
system. 

4.7. Expression Vectors and Nucleic Acid Compositions 

In another aspect of the invention, the proteins described herein are provided in 
expression vectors. For instance, expression vectors are contemplated which include a nucleotide 
sequence encoding a polypeptide containing a composite activator of the present invention, 
which coding sequence is operably linked to at least one transcriptional regulatory sequence. 
Regulatory sequences for directing expression of the instant fusion proteins are art-recognized 
and are selected by a number of well understood criteria. Exemplary regulatory sequences are 
described in Goeddel; Gene Expression Technology: Methods in Enzymology, Academic Press, 
San Diego, CA (1990). For instance, any of a wide variety of expression control sequences that 
control the expression of a DNA sequence when operatively linked to it may be used in these 
vectors to express DNA sequences encoding the fusion proteins of this invention. Such useful 
expression control sequences, include, for example, the early and late promoters of SV40, 
adenovirus or cytomegalovirus immediate early promoter, the lac system, the tip system, the 
TAC or TRC system, T7 promoter whose expression is directed by T7 RNA polymerase, the 
promoter for 3-phosphoglycerate kinase or other glycolytic enzymes, the promoters of acid 
phosphatase, e.g., Pho5, and the promoters of the yeast y-mating factors and other sequences 
known to control the expression of genes of prokaryotic or eukaryotic cells or their viruses, and 
various combinations thereof. It should be understood that the design of the expression vector 
may depend on such factors as the choice of the host cell to be transformed. Moreover, the 
vector's copy number, the ability to control that copy number and the expression of any other 
protein encoded by the vector, such as antibiotic markers, should also be considered. 

As will be apparent, the subject gene constructs can be used to cause expression 
of the subject fusion proteins in cells propagated in culture, e.g. to produce proteins or 
polypeptides, including fusion proteins, for purification. 

This invention also pertains to a host cell transfected with a recombinant gene in 
order to express one of the subject polypeptides. The host cell may be any prokaryotic or 
eukaryotic cell. For example, a fusion proteins of the present invention may be expressed in 
bacterial cells such as E. coli, insect cells (baculovirus), yeast, or mammalian cells. Other 
suitable host cells are known to those skilled in the art. 
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Accordingly, the present invention further pertains to methods of producing the 
subject fusion proteins - e.g., the target polypeptide:F-box protein chimeric polypeptides 
described herein. For example, a host cell transfected with an expression vector encoding a 
protein of interest can be cultured under appropriate conditions to allow expression of the protein 
to occur. The protein may be secreted, by inclusion of a secretion signal sequence, and isolated 
from a mixture of cells and medium containing the protein. Alternatively, the protein may be 
retained cytoplasmically and the cells harvested, lysed and the protein isolated. A cell culture 
includes host cells, media and other byproducts. Suitable media for cell culture are well known 
in the art. The proteins can be isolated from cell culture medium, host cells, or both using 
techniques known in the art for purifying proteins, including ion-exchange chromatography, gel 
filtration chromatography, ultrafiltration, electrophoresis, and immunoaffinity purification with 
antibodies specific for particular epitopes of the protein. 

Thus, a coding sequence for a fusion protein of the present invention can be used 
to produce a recombinant form of the protein via microbial or eukaryotic cellular processes. 
Ligating the polynucleotide sequence into a gene construct, such as an expression vector, and 
transforming or transfecting into hosts, either eukaryotic (yeast, avian, insect or mammalian) or 
prokaryotic (bacterial cells), are standard procedures. 

Expression vehicles for production of a recombinant protein include plasmids and 
other vectors. For instance, suitable vectors for the expression of the instant fusion proteins 
include plasmids of the types: pBR322-derived plasmids, pEMBL-derived plasmids, 
pEX-derived plasmids, pBTac-derived plasmids and pUC-derived plasmids for expression in 
prokaryotic cells, such as E. coli. 

A number of vectors exist for the expression of recombinant proteins in yeast. 
For instance, YEP24, YIPS, YEP51, YEP52, pYES2, and YRP17 are cloning and expression 
vehicles useful in the introduction of genetic constructs into S. cerevisiae (see, for example, 
Broach et al., (1983) in ExperimentalManipulationofGeneExpression, ed. M. Inouye Academic 
Press, p. 83, incorporated by reference herein). These vectors can replicate in E. coli due the 
presence of the pBR322 ori, and in S. cerevisiae due to the replication determinant of the yeast 
2 micron plasmid. In addition, drug resistance markers such as ampicillin can be used. 

The preferred mammalian expression vectors contain both prokaryotic sequences 
to facilitate the propagation of the vector in bacteria, and one or more eukaryotic transcription 
units that are expressed in eukaryotic cells. The pcDNAI/amp, pcDNAI/neo, pRc/CMV, 
pSV2gpt, pSV2neo, pSV2-dhfr, pTk2, pRSVneo, pMSG, pSVT7, pko-neo and pHyg derived 
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vectors are examples of mammalian expression vectors suitable for transfection of eukaryotic 
cells. Some of these vectors are modified with sequences from bacterial plasmids, such as 
pBR322, to facilitate replication and drug resistance selection in both prokaryotic and eukaryotic 
cells. Alternatively, derivatives of viruses such as the bovine papilloma virus (BPV-1), or 
Epstein-Barr virus (pHEBo, pREP-derived and p205) can be used for transient expression of 
proteins in eukaryotic cells. Examples of other viral (including retroviral) expression systems 
can be found below in the description of gene therapy delivery systems. The various methods 
employed in the preparation of the plasmids and transformation of host organisms are well 
known in the art. For other suitable expression systems for both prokaryotic and eukaryotic cells, 
as well as general recombinant procedures, see Molecular Cloning:A LaboratoryManual, 2nd 
Ed., ed. by Sambrook, Fritsch and Maniatis (Cold Spring Harbor Laboratory Press, 1989) 
Chapters 16 and 17. In some instances, it may be desirable to express the recombinant fusion 
proteins by the use of a baculovirus expression system. Examples of such baculo virus expression 
systems include pVL-derived vectors (such as pVL1392, pVL1393 and pVL941), 
pAcUW-derived vectors (such as pAcUWl), and pBlueBac-derived vectors (such as the 6-gal 
containing pBlueBac III). 

In yet other embodiments, the subject expression constructs are derived by 
insertion of the subject gene into viral vectors including recombinant retroviruses, adenovirus, 
adeno-associated virus, and herpes simplex virus- 1, or recombinant bacterial or eukaryotic 
plasmids. As described in greater detail below, such embodiments of the subject expression 
constructs are specifically contemplated for use in various in vivo and ex vivo gene therapy 
protocols. 

Retrovirus vectors and adeno-associated virus vectors are generally understood 
to be the recombinant gene delivery system of choice for the transfer of exogenous genes in vivo, 
particularly into humans. These vectors provide efficient delivery of genes into cells, and the 
transferred nucleic acids are stably integrated into the chromosomal DNA of the host. A major 
prerequisite for the use of retroviruses is to ensure the safety of their use, particularly with regard 
to the possibility of the spread of wild-type virus in the cell population. The development of 
specialized cell lines (termed "packaging cells") which produce only replication-defective 
retroviruses has increased the utility of retroviruses for gene therapy, and defective retroviruses 
are well characterized for use in gene transfer for gene therapy purposes (for a review see Miller, 
A.D. (1990) Blood 76:271). Thus, recombinant retrovirus can be constructed in which part of 
the retroviral coding sequence (gag, pol, env) has been replaced by nucleic acid encoding a 
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fusion protein of the present invention, e.g., a composite activator, rendering the retrovirus 
replication defective. The replication defective retrovirus is then packaged into virions which 
can be used to infect a target cell through the use of a helper virus by standard techniques. 
Protocols for producing recombinant retroviruses and for infecting cells in vitro or in vivo with 
such viruses can be found in Current Protocols in Molecular Biology, Ausubel, F.M. et al., (eds.) 
Greene Publishing Associates, (1989), Sections 9.10-9.14 and other standard laboratory manuals. 
Examples of suitable retroviruses include pLJ, pZIP, pWE and pEM which are well known to 
those skilled in the art. Examples of suitable packaging virus lines for preparing both ecotropic 
and amphotropic retroviral systems include yCrip, yCre, y2 and yAm. Retroviruses have been 
used to introduce a variety of genes into many different cell types, including neural cells, 
epithelial cells, endothelial cells, lymphocytes, myoblasts, hepatocytes, bone marrow cells, in 
vitro and/or in vivo (see for example Eglitis et al., (1985) Science 230:1395-1398; Danos and 
Mulligan, (1988) PNAS USA 85:6460-6464; Wilson et al., (1988) PNAS USA 85:3014-3018; 
Armentano et al., (1990) PNAS USA 87:6141-6145; Huber et al., (1991) PNAS USA 
88:8039-8043; Ferry et al., (1991) PNAS USA 88:8377-8381; Chowdhury et al, (1991) Science 
254:1802-1805; van Beusechem et al., (1992) PNAS USA 89:7640-7644; Kay et al., (1992) 
Human Gene Therapy 3:641-647; Dai et al., (1992) PNAS USA 89:10892-10895; Hwu et al., 
(1993) J. Immunol. 150:4104-4115; U.S. Patent No. 4,868,116; U.S. Patent No. 4,980,286; PCT 
Application WO 89/07136; PCT Application WO 89/02468; PCT Application WO 89/05345; 
and PCT Application WO 92/07573). 

Furthermore, it has been shown that it is possible to limit the infection spectrum 
of retroviruses and consequently of retro viral-based vectors, by modifying the viral packaging 
proteins on the surface of the viral particle (see, for example PCT publications W093/25234, 
WO94/06920, and W094/1 1524). For instance, strategies for the modification of the infection 
spectrum of retroviral vectors include: coupling antibodies specific for cell surface antigens to 
the viral env protein (Roux et al., (1989) PNAS USA 86:9079-9083; Julan et al., (1992) J. Gen 
Virol 73:3251-3255; and Goud et al., (1983) Virology 163:251-254); or coupling cell surface 
ligands to the viral env proteins (Neda et al., (1991) J. Biol. Chem. 266:14143-14146). Coupling 
can be in the form of the chemical cross-linking with a protein or other variety (e.g. lactose to 
convert the env protein to an asialoglycoprotein), as well as by generating fusion proteins (e.g. 
single-chain antibody/env fusion proteins). This technique, while useful to limit or otherwise 
direct the infection to certain tissue types, and can also be used to convert an ecotropic vector in 
to an amphotropic vector. 
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Another viral gene delivery system useful in the present invention utilizes 
adenovirus-derived vectors. The genome of an adenovirus can be manipulated such that it 
encodes a gene product of interest, but is inactivate in terms of its ability to replicate in a normal 
lytic viral life cycle (see, for example, Berkner et al., (1988) BioTechniques 6:616; Rosenfeld 
et al., (1991) Science 252:431-434; and Rosenfeld et al., (1992) Cell 68:143-155). Suitable 
adenoviral vectors derived from the adenovirus strain Ad type 5 dl324 or other strains of 
adenovirus (e.g., Ad2, Ad3, Ad7 etc.) are well known to those skilled in the art. Recombinant 
adenoviruses can be advantageous in certain circumstances in that they are not capable of 
infecting nondividing cells and can be used to infect a wide variety of cell types, including 
airway epithelium (Rosenfeld et al., (1992) cited supra), endothelial cells (Lemarchand et al., 
(1992) PNAS USA 89:6482-6486), hepatocytes (Herz and Gerard, (1993) PNAS USA 
90:2812-2816) and muscle cells (Quantin et al., (1992) PNAS USA 89:2581-2584). 
Furthermore, the virus particle is relatively stable and amenable to purification and concentration, 
and as above, can be modified so as to affect the spectrum of infectivity. Additionally, 
introduced adenoviral DNA (and foreign DNA contained therein) is not integrated into the 
genome of a host cell but remains episomal, thereby avoiding potential problems that can occur 
as a result of insertional mutagenesis in situations where introduced DNA becomes integrated 
into the host genome (e.g., retroviral DNA). Moreover, the carrying capacity of the adenoviral 
genome for foreign DNA is large (up to 8 kilobases) relative to other gene delivery vectors 
(Berkner et al., supra; Haj-Ahmand and Graham (1986) J. Virol. 57:267). Most 
replication-defective adenoviral vectors currently in use and therefore favored by the present 
invention are deleted for all or parts of the viral El and E3 genes but retain as much as 80% of 
the adenoviral genetic material (see, e.g., Jones et al., (1979) Cell 16:683; Berkner et al., supra; 
and Graham et al., in Methods in Molecular Biology, E.J. Murray, Ed. (Humana, Clifton, NJ, 
1991) vol. 7. pp. 109-127). Expression of the inserted chimeric gene can be under control of, for 
example, the El A promoter, the major late promoter (MLP) and associated leader sequences, the 
viral E3 promoter, or exogenously added promoter sequences. 

Yet another viral vector system useful for delivery of the subject chimeric genes 
is the adeno-associated virus (AAV). Adeno-associated virus is a naturally occurring defective 
virus that requires another virus, such as an adenovirus or a herpes virus, as a helper virus for 
efficient replication and a productive life cycle. (For a review, see Muzyczka et al., Curr. Topics 
in Micro, and Immunol. (1992) 158:97-129). It is also one of the few viruses that may integrate 
its DNA into non-dividing cells, and exhibits a high frequency of stable integration (see for 
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example Flotte et al., (1992) Am. J. Respir. Cell. Mol. Biol. 7:349-356; Samulski et al., (1989) 
J. Virol. 63:3822-3828; and McLaughlin et al., (1989) J. Virol. 62:1963-1973). Vectors 
containing as little as 300 base pairs of AAV can be packaged and can integrate. Space for 
exogenous DNA is limited to about 4.5 kb. An AAV vector such as that described in Tratschin 
et al., (1985) Mol. Cell. Biol. 5:3251-3260 can be used to introduce DNA into cells. A variety 
of nucleic acids have been introduced into different cell types using AAV vectors (see for 
example Hermonat et al., (1984) PNAS USA 81:6466-6470; Tratschin et al., (1985) Mol. Cell. 
Biol. 4:2072-2081; Wondisford et al., (1988) Mol. Endocrinol. 2:32-39; Tratschin et al., (1984) 
J. Virol. 51:611-619; and Flotte et al., (1993) J. Biol. Chem. 268:3781-3790). 

Other viral vector systems that may have application in gene therapy have been 
derived from herpes virus, vaccinia virus, and several RNA viruses. In particular, herpes virus 
vectors may provide a unique strategy for persistence of the recombinant gene in cells of the 
central nervous system and ocular tissue (Pepose et al., (1994) Invest Ophthalmol Vis Sci 
35:2662-2666) 

In addition to viral transfer methods, such as those illustrated above, non-viral 
methods can also be employed to cause expression of a protein in the tissue of an animal. Most 
nonviral methods of gene transfer rely on normal mechanisms used by mammalian cells for the 
uptake and intracellular transport of macromolecules. In preferred embodiments, non-viral gene 
delivery systems of the present invention rely on endocytic pathways for the uptake of the gene 
by the targeted cell. Exemplary gene delivery systems of this type include liposomal derived 
systems, poly-lysine conjugates, and artificial viral envelopes. 

In a representative embodiment, a gene encoding a composite activator can be 
entrapped in liposomes bearing positive charges on their surface (e.g., lipofectins) and 
(optionally) which are tagged with antibodies against cell surface antigens of the target tissue 
(Mizuno et al., (1992) No Shinkei Geka 20:547-551; PCT publication W09 1/06309; Japanese 
patent application 1047381; and European patent publication EP-A-43075). For example, 
lipofection of neuroglioma cells can be carried out using liposomes tagged with monoclonal 
antibodies against glioma-associated antigen (Mizuno et al., (1992) Neurol. Med. Chir. 
32:873-876). 

In yet another illustrative embodiment, the gene delivery system comprises an 
antibody or cell surface ligand which is cross-linked with a gene binding agent such as 
poly-lysine (see, for example, PCT publications WO93/04701, W092/22635, WO92/20316, 
W092/19749, and WO92/06180). For example, any of the subject gene constructs can be used 
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to transfect specific cells in vivo using a soluble polynucleotide carrier comprising an antibody 
conjugated to a polycation, e.g. poly-lysine (see U.S. Patent 5,166,320). It will also be 
appreciated that effective delivery of the subject nucleic acid constructs via -mediated 
endocytosis can be improved using agents which enhance escape of the gene from the endosomal 
structures. For instance, whole adenovirus or fusogenic peptides of the influenza HA gene 
product can be used as part of the delivery system to induce efficient disruption of 
DNA-containing endosomes (Mulligan et al., (1993) Science 260-926; Wagner et al., (1992) 
PNAS USA 89:7934; and Christiano et al., (1993) PNAS USA 90:2122). 

In clinical settings, the gene delivery systems can be introduced into a patient by 
any of a number of methods, each of which is familiar in the art. 

For instance, a pharmaceutical preparation of the gene delivery system can be 
introduced systemically, e.g. by intravenous injection, and specific transduction of the construct 
in the target cells occurs predominantly from specificity of transfection provided by the gene 
delivery vehicle, cell-type or tissue-type expression due to the transcriptional regulatory 
sequences controlling expression of the gene, or a combination thereof. In other embodiments, 
initial delivery of the recombinant gene is more limited with introduction into the animal being 
quite localized. For example, the gene delivery vehicle can be introduced by catheter (see U.S. 
Patent 5,328,470) or by stereotactic injection (e.g. Chen et al., (1994) PNAS USA 91: 
3054-3057). 

In some embodiments of the invention, the target gene to be regulated by the 
regulatable F-box protein is an endogenous gene, which contains an exogenous regulatable F-box 
protein sequence. The exogenous regulatable F-box protein sequence can be inserted into the 
endogenous gene's coding sequence. In certain embodiments, the endogenous target gene is a 
DNA binding protein, capable of binding with high affinity and specificity to a target sequence. 
In a preferred embodiment, the DNA binding protein is human. However, the DNA binding 
protein can be from any other species. For example, the DNA binding protein can be from the 
yeast GAL4 protein. 

In other embodiments, the target gene to be regulated by the regulatable F-box 
protein is an exogenous gene. In some embodiments, the exogenous gene is integrated into the 
chromosomal DNA of a cell. The exogenous gene can be inserted into the chromosomal DNA, 
or the exogenous gene can substitute for at least a portion of an endogenous gene. Alternatively, 
the exogenous gene can be present on an extrachromosomal DNA element, such as a plasmid or 
a viral vector. The target gene can be present in a single copy or in multiple copies. In view of 
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the experimental results described herein, it is not necessary that the target gene be present in 
more than one copy. However, if even higher levels of protein encoded by the target gene is 
desired, multiple copies of the gene can be used. 

A wide variety of genes can be employed as the target gene, including genes that 
encode a therapeutic protein. The target gene can be any sequence of interest which provides a 
desired phenotype. It can encode a surface membrane protein, a secreted protein, a cytoplasmic 
protein, or there can be a plurality of target genes encoding different products. The proteins 
which are expressed, singly or in combination, can involve homing, cytotoxicity, proliferation, 
immune response, inflammatory response, clotting or dissolving of clots, hormonal regulation, 
etc. The proteins expressed may be naturally-occurring proteins, mutants of naturally-occurring 
proteins, unique sequences, or combinations thereof. 

Various secreted products include hormones, such as insulin, human growth 
hormone, glucagon, pituitary releasing factor, ACTH, melanotropin, relaxin, etc.; growth factors, 
such as EGF, IGF-1, TGF-y, -y, PDGF, G-CSF, M-CSF, GM-CSF, FGF, erythropoietin, 
thrombopoietin, megakaryocyte stimulating and growth factors, etc.; interleukins, such as IL-1 
to -13; TNF-y and -y, etc.; and enzymes and other factors, such as tissue plasminogen activator, 
members of the complement cascade, perforins, superoxide dismutase, coagulation factors, 
antithrombin-III, Factor VIIIc, Factor VIIIvW, Factor IX, y-antitrypsin, proteinC, proteinS, 
endorphins, dynorphin, bone morphogenetic protein, CFTR, etc. 

The gene can encode a naturally-occurring surface membrane protein or a protein 
made so by introduction of an appropriate signal peptide and transmembrane sequence. Various 
such proteins include homing receptors, e.g. L-selectin (Mel- 14), blood-related proteins, 
particularly having a kringle structure, e.g. Factor VIIIc, Factor VIIIvW, hematopoietic cell 
markers, e.g. CD3, CD4, CD8, Bcell receptor, TCR subunits y, y, y, y, CD10, CD19, CD28, 
CD33, CD38, CD41, etc., receptors, such as the interleukin receptors DL-2R, IL-4R, etc., channel 
proteins, for influx or efflux of ions, e.g. H+, Ca+2, K+, Na+, C1-, etc., and the like; CFTR, 
tyrosine activation motif, zap-70, etc. 

Proteins may be modified for transport to a vesicle for exocytosis. By adding the 
sequence from a protein which is directed to vesicles, where the sequence is modified proximal 
to one or the other terminus, or situated in an analogous position to the protein source, the 
modified protein will be directed to the Golgi apparatus for packaging in a vesicle. This process 
in conjunction with the presence of the chimeric proteins for exocytosis allows for rapid transfer 
of the proteins to the extracellular medium and a relatively high localized concentration. 
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Also, intracellular proteins can be of interest, such as proteins in metabolic 
pathways, regulatory proteins, steroid receptors, transcription factors, etc., depending upon the 
nature of the host cell. Some of the proteins indicated above can also serve as intracellular 
proteins. 

By way of further illustration, in T-cells, one may wish to introduce genes 
encoding one or both chains of a T-cell receptor. For B-cells, one could provide the heavy and 
light chains for an immunoglobulin for secretion. For cutaneous cells, e.g. keratinocytes, 
particularly stem cells keratinocytes, one could provide for protection against infection, by 
secreting y-, y- or y-interferon, antichemotactic factors, proteases specific for bacterial cell wall 
proteins, etc. 

In addition to providing for expression of a gene having therapeutic value, there 
will be many situations where one may wish to direct a cell to a particular site. The site can 
include anatomical sites, such as lymph nodes, mucosal tissue, skin, synovium, lung or other 
internal organs or functional sites, such as clots, injured sites, sites of surgical manipulation, 
inflammation, infection, etc. By providing for expression of surface membrane proteins which 
will direct the host cell to the particular site by providing for binding at the host target site to a 
naturally-occurring epitope, localized concentrations of a secreted product can be achieved. 
Proteins of interest include homing receptors, e.g. L-selectin, GMP140, CLAM-1, etc., or 
addressins, e.g. ELAM-1, PNAd, LNAd, etc., clot binding proteins, or cell surface proteins that 
respond to localized gradients of chemotactic factors. There are numerous situations where one 
would wish to direct cells to a particular site, where release of a therapeutic product could be of 
great value. 

For use in gene therapy, the target gene can encode any gene product that is 
beneficial to a subject. The gene product can be a secreted protein, a membraneous protein, or 
a cytoplasmic protein. Preferred secreted proteins include growth factors, differentiation factors, 
cytokines, interleukins, tPA, and erythropoietin. Preferred membraneous proteins include 
receptors, e.g, growth factor or cytokine receptors or proteins mediating apoptosis, e.g., Fas 
receptor. Other candidate therapeutic genes are disclosed in PCT/US93/01617. 

In yet another embodiment, a "gene activation" construct which, by homologous 
recombination with a genomic DNA, alters the transcriptional regulatory sequences of an 
endogenous gene, can be used to introduce recognition elements for a DNA binding activity of 
one of the subject engineered proteins. A variety of different formats for the gene activation 
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constructs are available. See, for example, the Transkaryotic Therapies, Inc PCT publications 
WO93/09222, WO95/31560, W096/29411, WO95/31560 and WO94/12650. 

4.8. Kits 

This invention further provides kits useful for the foregoing applications. One 
such kit contains one or more nucleic acids encoding a chimeric polypeptide comprising a target 
polyeptide which encodes a bioactivity and a regulatable F-box protein, which is inserted into 
the target polypeptide. The kit may further comprise an additional nucleic acids such as 
specialized vectors which contain a cloning site for insertion of a desired target gene by the 
practitioner. For example, a preferred kit would contain a cloning site comprising at least one 
restriction site for insertion of an N-Target polypeptide of a target polypeptide, which is supplied 
by the user of the kit. In preferred embodiments, the cloning site is a polylinker. In preferred 
embodiments, this N-Target polypeptide cloning site is followed by a regulatable F-box protein 
sequence. In particularly preferred embodiments, the N-Target polypeptide cloning site of the 
vector is made available to the user in all three possible reading frames by supplying three 
different versions of the vector corresponding to single nucleotide insertions at the cloning site 
so that an in-frame fusion of the N-Target polypeptide to the regulatable F-box protein occurs. 
In preferred embodiments, the regulatable F-box protein sequence is further followed by a 
cloning site for a C-Target polypeptide element of the target sequence, which target may be 
supplied by the user. In still more preferred embodiments, versions of the vector corresponding 
to all three possible reading frames between the regulatable F-box protein and the C-target 
polypeptide are made available to the user. For regulatable applications, i.e., in cases in which 
the recombinant protein contains a ligand binding domain or inducible domain, the kit may 
further contain an oligomerizing agent, such as the macrolide dimerizers discussed above. Such 
kits may for example contain a sample of a dimerizing agent capable of dimerizing the two 
recombinant proteins and activating transcription of the target. 

Constructs may be designed in accordance with the principles, illustrative 
examples and materials and methods disclosed in the patent documents and scientific literature 
cited herein, each of which is incorporated herein by reference, with modifications and further 
exemplification as described herein. Components of the constructs can be prepared in 
conventional ways, where the coding sequences and regulatory regions may be isolated, as 
appropriate, ligated, cloned in an appropriate cloning host, analyzed by restriction or sequencing, 
or other convenient means. Particularly, using PCR, individual fragments including all or 
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portions of a functional unit may be isolated, where one or more mutations may be introduced 
using "primer repair", ligation, in vitro mutagenesis, etc. as appropriate. In the case of DNA 
constructs encoding chimeric proteins, DNA sequences encoding individual domains and sub- 
domains are joined such that they constitute a single open reading frame encoding a chimeric 
protein capable of being translated in cells or cell lysates into a single polypeptide harboring all 
component domains. The DNA construct encoding the chimeric protein may then be placed into 
a vector that directs the expression of the protein in the appropriate cell type(s). For biochemical 
analysis of the encoded chimera, it may be desirable to construct plasmids that direct the 
expression of the protein in bacteria or in reticulocyte-lysate systems. For use in the production 
of proteins in mammalian cells, the protein-encoding sequence is introduced into an expression 
vector that directs expression in these cells. Expression vectors suitable for such uses are well 
known in the art. Various sorts of such vectors are commercially available. 

4.9. Transgenic Organisms 

The invention provides transgenic plants and animals which carry one or more 
F-box protein modified target genes which can be regulated. These transgenic organisms can be 
generated with the nucleic acid target gene:F-box protein hybrids of the invention. For example, 
the invention further provides for transgenic animals, which can be used for a variety of 
purposes, e.g., to study the function of a target gene. The transgenic animals of the invention can 
be animals expressing a transgene encoding a target:F-box protein hybrid protein or fragment 
thereof or variants thereof, including mutants and polymorphic variants thereof. These animals 
can be used to determine the effect of expression of a target gene protein in a specific site or in 
a specific temporal window. In one aspect, the invention features a cell or cell line, which 
contains a knock-in of an F-box protein which has been inserted into a particular target gene. 
In a preferred embodiment, the cell or cell line is an undifferentiated cell, for example, a stem 
cell, embryonic stem cell, oocyte or embryonic cell. 

Yet in a further aspect, the invention features a method of producing a non-human 
mammal with a targeted disruption in an interleukin-1 gene. For example, a target gene 
knock-in construct can be created with a portion of the target gene having an internal portion of 
said target gene replaced by a marker. The knock-out construct can then be transfected into a 
population of embryonic stem m(ES) cells. Transfected cells can then be selected as expressing 
the marker. The transfected ES cells can then be introduced into an embryo of an ancestor of 
said mammal. The embryo can be allowed to develop to term to produce a chimeric mammal 
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with the knock-out construct in its germline. Breeding said chimeric mammal will produce a 
heterozygous mammal with a targeted disruption in the target gene. Homozygotes can be 
generated by crossing heterozygotes. 

In another aspect, the invention features target knock-out constructs, which can 
be used to generate the animals described above. In one embodiment, the target construct can 
comprise a portion of the target gene, wherein an internal portion of said target gene is replaced 
by a selectable marker. Preferably, the marker is the neo gene and the portion of the target gene 
is at least 2.5 kb long or 7.0 or 9.5 kb long (including the replaced portion and any target flanking 
sequences). The internal portion preferably covers at least a portion of an exon and in some 
embodiments it covers all of the exons which encode an target polypeptide. 

Yet other non-human animals within the scope of the invention include those in 
which the expression of the endogenous Target gene has been mutated or "knocked out". A 
"knock out" animal is one carrying a homozygous or heterozygous deletion of a particular gene 
or genes. These animals could be useful to determine whether the absence of the target 
polypeptide will result in a specific phenotype, in particular whether these mice have or are 
likely to develop a specific disease, such as high susceptibility to heart disease or cancer. 
Furthermore these animals are useful in screens for drugs which alleviate or attenuate the disease 
condition resulting from the mutation of the target gene as outlined below. These animals are 
also useful for determining the effect of a specific amino acid difference, or allelic variation, in 
a target gene. 

In a preferred embodiment of this aspect of the invention, a transgenic target gene 
knock-in mouse, carrying the mutated target locus on one or both of its chromosomes, is used 
as a model system for transgenic or drug treatment of the condition resulting from loss of target 
gene expression. 

Methods for obtaining transgenic and knockout non-human animals are well 
known in the art. Knock out mice are generated by homologous integration of a "knock out" 
construct into a mouse embryonic stem cell chromosome which encodes the gene to be knocked 
out. In one embodiment, gene targeting, which is a method of using homologous recombination 
to modify an animal's genome, can be used to introduce changes into cultured embryonic stem 
cells. By targeting a specific gene of interest in ES cells, these changes can be introduced into 
the germlines of animals to generate chimeras. The gene targeting procedure is accomplished 
by introducing into tissue culture cells a DNA targeting construct that includes a segment 
homologous to a target locus, and which also includes an intended sequence modification to the 
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target genomic sequence (e.g., insertion, deletion, point mutation). The treated cells are then 
screened for accurate targeting to identify and isolate those which have been properly targeted. 

Gene targeting in embryonic stem cells is in fact a scheme contemplated by the 
present invention as a means for disrupting a target gene function through the use of a targeting 
transgene construct designed to undergo homologous recombination with one or more target 
genomic sequences. The targeting construct can be arranged so that, upon recombination with 
an element of at gene, a positive selection marker is inserted into (or replaces) coding sequences 
of the gene. The inserted sequence functionally disrupts the target gene, while also providing 
a positive selection trait. Exemplary targeting constructs are described in more detail below. 

Generally, the embryonic stem cells (ES cells ) used to produce the knockout 
animals will be of the same species as the knockout animal to be generated. Thus for example, 
mouse embryonic stem cells will usually be used for generation of knockout mice. 

Embryonic stem cells are generated and maintained using methods well known 
to the skilled artisan such as those described by Doetschman et al. (1985) J. Embryol. Exp. 
MoIBRhol. 87:27-45). Any line of ES cells can be used, however, the line chosen is typically 
selected for the ability of the cells to integrate into and become part of the germ line of a 
developing embryo so as to create germ line transmission of the knockout construct. Thus, any 
ES cell line that is believed to have this capability is suitable for use herein. One mouse strain 
that is typically used for production of ES cells, is the 129J strain. Another ES cell line is murine 
cell line D3 (American Type Culture Collection, catalog no. CKL 1934) Still another preferred 
ES cell line is the WW6 cell line (Ioffe et al. (1995) PNAS 92:7357-7361). The cells are cultured 
and prepared for knockout construct insertion using methods well known to the skilled artisan, 
such as those set forth by Robertson in: Teratocarcinomas and Embryonic Stem Cells: A 
Practical Approach, EJ. Robertson, ed. ERL Press, Washington, D.C. [1987]); by Bradley et al. 
(1986) Current Topics in Devel. Biol. 20:357-371); and by Hogan et al. (Manipulating the Mouse 
Embryo: A Laboratory Manual, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY 
[1986]) . 

A knock out construct refers to a uniquely configured fragment of nucleic acid 
which is introduced into a stem cell line and allowed to recombine with the genome at the 
chromosomal locus of the gene of interest to be mutated. Thus a given knock out construct is 
specific for a given gene to be targeted for disruption. Nonetheless, many common elements 
exist among these constructs and these elements are well known in the art. A typical knock out 
construct contains nucleic acid fragments of not less than about 0.5 kb nor more than about 10.0 
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kb from both the 5 ! and the 3* ends of the genomic locus which encodes the gene to be mutated. 
These two fragments are separated by an intervening fragment of nucleic acid which encodes a 
positive selectable marker, such as the neomycin resistance gene (neo R ). The resulting nucleic 
acid fragment, consisting of a nucleic acid from the extreme 5' end of the genomic locus linked 
to a nucleic acid encoding a positive selectable marker which is in turn linked to a nucleic acid 
from the extreme 3 f end of the genomic locus of interest, omits most of the coding sequence for 
target or other gene of interest to be knocked out. When the resulting construct recombines 
homologously with the chromosome at this locus, it results in the loss of the omitted coding 
sequence, otherwise known as the structural gene, from the genomic locus. A stem cell in which 
such a rare homologous recombination event has taken place can be selected for by virtue of the 
stable integration into the genome of the nucleic acid of the gene encoding the positive selectable 
marker and subsequent selection for cells expressing this marker gene in the presence of an 
appropriate drug (neomycin in this example). 

Variations on this basic technique also exist and are well known in the art. For 
example, a "knock-in" construct refers to the same basic arrangement of a nucleic acid encoding 
a 5' genomic locus fragment linked to nucleic acid encoding a positive selectable marker which 
in turn is linked to a nucleic acid encoding a 3' genomic locus fragment, but which differs in that 
none of the coding sequence is omitted and thus the 5' and the 3 ! genomic fragments used were 
initially contiguous before being disrupted by the introduction of the nucleic acid encoding the 
positive selectable marker gene. This "knock-in"type of construct is thus very useful for the 
construction of mutant transgenic animals when only a limited region of the genomic locus of 
the gene to be mutated, such as a single exon, is available for cloning and genetic manipulation. 
Alternatively, the "knock-in" construct can be used to specifically eliminate a single functional 
domain of the targetted gene, resulting in a transgenic animal which expresses a polypeptide of 
the targetted gene which is defective in one function, while retaining the function of other 
domains of the encoded polypeptide. This type of "knock-in" mutant frequently has the 
characteristic of a so-called "dominant negative" mutant because, especially in the case of 
proteins which homomultimerize, it can specifically block the action of (or "poison") the 
polypeptide product of the wild-type gene from which it was derived. In a variation of the 
knock-in technique, a marker gene is integrated at the genomic locus of interest such that 
expression of the marker gene comes under the control of the transcriptional regulatory elements 
of the targeted gene. A marker gene is one that encodes an enzyme whose activity can be 
detected (e.g., b-galactosidase), the enzyme substrate can be added to the cells under suitable 
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conditions, and the enzymatic activity can be analyzed. One skilled in the art will be familiar 
with other useful markers and the means for detecting their presence in a given cell. All such 
markers are contemplated as being included within the scope of the teaching of this invention. 



"knock out" and "knock in" constructs is very rare and frequently such a construct inserts 
nonhomologously into a random region of the genome where it has no effect on the gene which 
has been targeted for deletion, and where it can potentially recombine so as to disrupt another 
gene which was otherwise not intended to be altered. Such nonhomologous recombination 
events can be selected against by modifying the abovementioned knock out and knock in 
constructs so that they are flanked by negative selectable markers at either end (particularly 
through the use of two allelic variants of the thymidine kinase gene, the polypeptide product of 
which can be selected against in expressing cell lines in an appropriate tissue culture medium 
well known in the art - i.e. one containing a drug such as 5-bromodeoxyuridine). Thus a 
preferred embodiment of such a knock out or knock in construct of the invention consist of a 
nucleic acid encoding a negative selectable marker linked to a nucleic acid encoding a 5 1 end of 
a genomic locus linked to a nucleic acid of a positive selectable marker which in turn is linked 
to a nucleic acid encoding a 3' end of the same genomic locus which in turn is linked to a second 
nucleic acid encoding a negative selectable marker Nonhomologous recombination between the 
resulting knock out construct and the genome will usually result in the stable integration of one 
or both of these negative selectable marker genes and hence cells which have undergone 
nonhomologous recombination can be selected against by growth in the appropriate selective 
media (e.g. media containing a drug such as 5-bromodeoxyuridine for example). Simultaneous 
selection for the positive selectable marker and against the negative selectable marker will result 
in a vast enrichment for clones in which the knock out construct has recombined homologously 
at the locus of the gene intended to be mutated. The presence of the predicted chromosomal 
alteration at the targeted gene locus in the resulting knock out stem cell line can be confirmed 
by means of Southern blot analytical techniques which are well known to those familiar in the 
art. Alternatively, PCR can be used. 



form. Therefore, if the knockout construct has been inserted into a vector (described infra), 
linearization is accomplished by digesting the DNA with a suitable restriction endonuclease 
selected to cut only within the vector sequence and not within the knockout construct sequence. 



As mentioned above, the homologous recombination of the above described 



Each knockout construct to be inserted into the cell must first be in the linear 
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For inse the knockout construct is added to th^^Fcells under appropriate 
conditions for the insertion method chosen, as is known to the skilled artisan. For example, if 
the ES cells are to be electroporated, the ES cells and knockout construct DNA are exposed to 
an electric pulse using an electroporation machine and following the manufacturer's guidelines 
for use. After electroporation, the ES cells are typically allowed to recover under suitable 
incubation conditions. The cells are then screened for the presence of the knock out construct 
as explained above. Where more than one construct is to be introduced into the ES cell, each 
knockout construct can be introduced simultaneously or one at a time. 

After suitable ES cells containing the knockout construct in the proper location 
have been identified by the selection techniques outlined above, the cells can be inserted into an 
embryo. Insertion may be accomplished in a variety of ways known to the skilled artisan, 
however a preferred method is by microinjection. For microinjection, about 10-30 cells are 
collected into a micropipet and injected into embryos that are at the proper stage of development 
to permit integration of the foreign ES cell containing the knockout construct into the developing 
embryo. For instance, the transformed ES cells can be microinjected into blastocytes. The 
suitable stage of development for the embryo used for insertion of ES cells is very species 
dependent, however for mice it is about 3.5 days. The embryos are obtained by perfusing the 
uterus of pregnant females. Suitable methods for accomplishing this are known to the skilled 
artisan, and are set forth by, e.g., Bradley et al. (supra). 

While any embryo of the right stage of development is suitable for use, preferred 
embryos are male. In mice, the preferred embryos also have genes coding for a coat color that 
is different from the coat color encoded by the ES cell genes. In this way, the offspring can be 
screened easily for the presence of the knockout construct by looking for mosaic coat color 
(indicating that the ES cell was incorporated into the developing embryo). Thus, for example, 
if the ES cell line carries the genes for white fur, the embryo selected will carry genes for black 
or brown fur. 

After the ES cell has been introduced into the embryo, the embryo may be 
implanted into the uterus of a pseudopregnant foster mother for gestation. While any foster 
mother may be used, the foster mother is typically selected for her ability to breed and reproduce 
well, and for her ability to care for the young. Such foster mothers are typically prepared by 
mating with vasectomized males of the same species. The stage of the pseudopregnant foster 
mother is important for successful implantation, and it is species dependent. For mice, this stage 
is about 2-3 days pseudopregnant. 
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Offsprin are born to the foster mother may be s^roned initially for mosaic 
coat color where the coat color selection strategy (as described above, and in the appended 
examples) has been employed. In addition, or as an alternative, DNA from tail tissue of the 
offspring may be screened for the presence of the knockout construct using Southern blots and/or 
PCR as described above. Offspring that appear to be mosaics may then be crossed to each other, 
if they are believed to carry the knockout construct in their germ line, in order to generate 
homozygous knockout animals. Homozygotes may be identified by Southern blotting of 
equivalent amounts of genomic DNA from mice that are the product of this cross, as well as mice 
that are known heterozygotes and wild type mice. 

Other means of identifying and characterizing the knockout offspring are 
available. For example, Northern blots can be used to probe the mRNA for the presence or 
absence of transcripts encoding either the gene knocked out, the marker gene, or both. In 
addition, Western blots can be used to assess the level of expression of the target gene knocked 
out in various tissues of the offspring by probing the Western blot with an antibody against the 
particular target protein, or an antibody against the marker gene product, where this gene is 
expressed. Finally, in situ analysis (such as fixing the cells and labeling with antibody) and/or 
FACS (fluorescence activated cell sorting) analysis of various cells from the offspring can be 
conducted using suitable antibodies to look for the presence or absence of the knockout construct 
gene product. 

Yet other methods of making knock-out or disruption transgenic animals are also 
generally known. See, for example, Manipulating the Mouse Embryo, (Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor, N.Y., 1986). Recombinase dependent knockouts can also 
be generated, e.g. by homologous recombination to insert target sequences, such that tissue 
specific and/or temporal control of inactivation of a Target-gene can be controlled by 
recombinase sequences (described infra). 

Animals containing more than one knockout construct and/or more than one 
transgene expression construct are prepared in any of several ways. The preferred manner of 
preparation is to generate a series of mammals, each containing one of the desired transgenic 
phenotypes. Such animals are bred together through a series of crosses, backcrosses and 
selections, to ultimately generate a single animal containing all desired knockout constructs 
and/or expression constructs, where the animal is otherwise congenic (genetically identical) to 
the wild type except for the presence of the knockout construct(s) and/or transgene(s) . 
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A target^^ansgene can encode the wild-type form^Re protein, or can encode 
homologs thereof, including both agonists and antagonists, as well as antisense constructs. In 
preferred embodiments, the expression of the transgene is restricted to specific subsets of cells, 
tissues or developmental stages utilizing, for example, cis-acting sequences that control 
expression in the desired pattern. In the present invention, such mosaic expression of a target 
protein can be essential for many forms of lineage analysis and can additionally provide a means 
to assess the effects of, for example, lack of target gene expression which might grossly alter 
development in small patches of tissue within an otherwise normal embryo. Toward this and, 
tissue-specific regulatory sequences and conditional regulatory sequences can be used to control 
expression of the transgene in certain spatial patterns. Moreover, temporal patterns of expression 
can be provided by, for example, conditional recombination systems or prokaryotic 
transcriptional regulatory sequences. 

Genetic techniques, which allow for the expression of transgenes can be regulated 
via site-specific genetic manipulation in vivo, are known to those skilled in the art. For instance, 
genetic systems are available which allow for the regulated expression of a recombinase that 
catalyzes the genetic recombination of a target sequence. As used herein, the phrase "target 
sequence" refers to a nucleotide sequence that is genetically recombined by a recombinase. The 
target sequence is flanked by recombinase recognition sequences and is generally either excised 
or inverted in cells expressing recombinase activity. Recombinase catalyzed recombination 
events can be designed such that recombination of the target sequence results in either the 
activation or repression of expression of one of the subject target proteins. For example, excision 
of a target sequence which interferes with the expression of a recombinant target gene, such as 
one which encodes an antagonistic homolog or an antisense transcript, can be designed to 
activate expression of that gene. This interference with expression of the protein can result from 
a variety of mechanisms, such as spatial separation of the target gene from the promoter element 
or an internal stop codon. Moreover, the transgene can be made wherein the coding sequence 
of the gene is flanked by recombinase recognition sequences and is initially transfected into cells 
in a 3' to 5' orientation with respect to the promoter element. In such an instance, inversion of 
the target sequence will reorient the subject gene by placing the 5' end of the coding sequence 
in an orientation with respect to the promoter element which allow for promoter driven 
transcriptional activation. 

The transgenic animals of the present invention all include within a plurality of 
their cells a transgene of the present invention, which transgene alters the phenotype of the "host 
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cell" with respect to re^^^on of cell growth, death and/or differeMRon. Since it is possible 
to produce transgenic organisms of the invention utilizing one or more of the transgene 
constructs described herein, a general description will be given of the production of transgenic 
organisms by referring generally to exogenous genetic material. This general description can be 
adapted by those skilled in the art in order to incorporate specific transgene sequences into 
organisms utilizing the methods and materials described below. 

In an illustrative embodiment, either the cre/loxP recombinase system of 
bacteriophage PI (Lakso et al. (1992) PNAS 89:6232-6236; Orban et al. (1992) PNAS 89:6861- 
6865) or the FLP recombinase system of Saccharomyces cerevisiae (O f Gorman et al. (1991) 
Science 251:1351-1355; PCT publication WO 92/15694) can be used to generate in vivo site- 
specific genetic recombination systems. Cre recombinase catalyzes the site-specific 
recombination of an intervening target sequence located between loxP sequences. loxP 
sequences are 34 base pair nucleotide repeat sequences to which the Cre recombinase binds and 
are required for Cre recombinase mediated genetic recombination. The orientation of loxP 
sequences determines whether the intervening target sequence is excised or inverted when Cre 
recombinase is present (Abremski et al. (1984) J. Biol. Chem. 259:1509-1514); catalyzing the 
excision of the target sequence when the loxP sequences are oriented as direct repeats and 
catalyzes inversion of the target sequence when loxP sequences are oriented as inverted repeats. 

Accordingly, genetic recombination of the target sequence is dependent on 
expression of the Cre recombinase. Expression of the recombinase can be regulated by promoter 
elements which are subject to regulatory control, e.g., tissue-specific, developmental 
stage-specific, inducible or repressible by externally added agents. This regulated control will 
result in genetic recombination of the target sequence only in cells where recombinase expression 
is mediated by the promoter element. Thus, the activation expression of a recombinant target 
protein can be regulated via control of recombinase expression. 

Use of the cre/loxP recombinase system to regulate expression of a recombinant 
target protein requires the construction of a transgenic animal containing transgenes encoding 
both the Cre recombinase and the subject protein. Animals containing both the Cre recombinase 
and a recombinant target gene can be provided through the construction of "double" transgenic 
animals. A convenient method for providing such animals is to mate two transgenic animals 
each containing a transgene, e.g., a target gene and recombinase gene. 

One advantage derived from initially constructing transgenic animals containing 
a target transgene in a recombinase-mediated expressible format derives from the likelihood that 
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the subject protein, whd^^agonistic or antagonistic, can be delete^d upon expression in the 
transgenic animal. In such an instance, a founder population, in which the subject transgene is 
silent in all tissues, can be propagated and maintained. Individuals of this founder population 
can be crossed with animals expressing the recombinase in, for example, one or more tissues 
and/or a desired temporal pattern. Thus, the creation of a founder population in which, for 
example, an antagonistic target transgene is silent will allow the study of progeny from that 
founder in which disruption of target mediated induction in a particular tissue or at certain 
developmental stages would result in, for example, a lethal phenotype. 

Similar conditional transgenes can be provided using prokaryotic promoter 
sequences which require prokaryotic proteins to be simultaneous expressed in order to facilitate 
expression of the target transgene. Exemplary promoters and the corresponding trans-activating 
prokaryotic proteins are given in U.S. Patent No. 4,833,080. 

Moreover, expression of the conditional transgenes can be induced by gene 
therapy-like methods wherein a gene encoding the trans-activating protein, e.g. a recombinase 
or a prokaryotic protein, is delivered to the tissue and caused to be expressed, such as in a cell- 
type specific manner. By this method, a target gene:F-box protein transgene could remain silent 
into adulthood until "turned on" by the introduction of the trans-activator. 

In an exemplary embodiment, the "transgenic non-human animals" of the 
invention are produced by introducing transgenes into the germline of the non-human animal. 
Embryonal target cells at various developmental stages can be used to introduce transgenes. 
Different methods are used depending on the stage of development of the embryonal target cell. 
The specific line(s) of any animal used to practice this invention are selected for general good 
health, good embryo yields, good pronuclear visibility in the embryo, and good reproductive 
fitness. In addition, the haplotype is a significant factor. For example, when transgenic mice are 
to be produced, strains such as C57BL/6 or FVB lines are often used (Jackson Laboratory, Bar 
Harbor, ME). Preferred strains are those with H-2 b , H-2 d or H-2<1 haplotypes such as C57BL/6 
or DBA/1 . The line(s) used to practice this invention may themselves be transgenics, and/or may 
be knockouts (i.e., obtained from animals which have one or more genes partially or completely 
suppressed) . In one embodiment, the transgene construct is introduced into a single stage 
embryo. The zygote is the best target for micro-injection. In the mouse, the male pronucleus 
reaches the size of approximately 20 micrometers in diameter which allows reproducible 
injection of l-2pl of DNA solution. The use of zygotes as a target for gene transfer has a major 
advantage in that in most cases the injected DNA will be incorporated into the host gene before 
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the first cleavage (Brin^^t al. (1985) PNAS 82:4438-4442). As aflLquence, all cells of the 
transgenic animal will carry the incorporated transgene. This will in general also be reflected in 
the efficient transmission of the transgene to offspring of the founder since 50% of the germ cells 
will harbor the transgene. 

Normally, fertilized embryos are incubated in suitable media until the pronuclei 
appear. At about this time, the nucleotide sequence comprising the transgene is introduced into 
the female or male pronucleus as described below. In some species such as mice, the male 
pronucleus is preferred. It is most preferred that the exogenous genetic material be added to the 
male DNA complement of the zygote prior to its being processed by the ovum nucleus or the 
zygote female pronucleus. It is thought that the ovum nucleus or female pronucleus release 
molecules which affect the male DNA complement, perhaps by replacing the protamines of the 
male DNA with histones, thereby facilitating the combination of the female and male DNA 
complements to form the diploid zygote. 

Thus, it is preferred that the exogenous genetic material be added to the male 
complement of DNA or any other complement of DNA prior to its being affected by the female 
pronucleus. For example, the exogenous genetic material is added to the early male pronucleus, 
as soon as possible after the formation of the male pronucleus, which is when the male and 
female pronuclei are well separated and both are located close to the cell membrane. 
Alternatively, the exogenous genetic material could be added to the nucleus of the sperm after 
it has been induced to undergo decondensation. Sperm containing the exogenous genetic material 
can then be added to the ovum or the decondensed sperm could be added to the ovum with the 
transgene constructs being added as soon as possible thereafter. 

Introduction of the transgene nucleotide sequence into the embryo may be 
accomplished by any means known in the art such as, for example, microinjection, 
electroporation, or lipofection. Following introduction of the transgene nucleotide sequence into 
the embryo, the embryo may be incubated in vitro for varying amounts of time, or reimplanted 
into the surrogate host, or both. In vitro incubation to maturity is within the scope of this 
invention. One common method in to incubate the embryos in vitro for about 1-7 days, 
depending on the species, and then reimplant them into the surrogate host. 

For the purposes of this invention a zygote is essentially the formation of a diploid 
cell which is capable of developing into a complete organism. Generally, the zygote will be 
comprised of an egg containing a nucleus formed, either naturally or artificially, by the fusion 
of two haploid nuclei from a gamete or gametes. Thus, the gamete nuclei must be ones which are 
366025.1 110 



naturally compatible, ones which result in a viable zyg^^capable of undergoing 
differentiation and developing into a functioning organism. Generally, a euploid zygote is 
preferred. If an aneuploid zygote is obtained, then the number of chromosomes should not vary 
by more than one with respect to the euploid number of the organism from which either gamete 
originated. 

In addition to similar biological considerations, physical ones also govern the 
amount (e.g., volume) of exogenous genetic material which can be added to the nucleus of the 
zygote or to the genetic material which forms a part of the zygote nucleus. If no genetic material 
is removed, then the amount of exogenous genetic material which can be added is limited by the 
amount which will be absorbed without being physically disruptive. Generally, the volume of 
exogenous genetic material inserted will not exceed about 10 picoliters. The physical effects of 
addition must not be so great as to physically destroy the viability of the zygote. The biological 
limit of the number and variety of DNA sequences will vary depending upon the particular 
zygote and functions of the exogenous genetic material and will be readily apparent to one 
skilled in the art, because the genetic material, including the exogenous genetic material, of the 
resulting zygote must be biologically capable of initiating and maintaining the differentiation and 
development of the zygote into a functional organism. 

The number of copies of the transgene constructs which are added to the zygote 
is dependent upon the total amount of exogenous genetic material added and will be the amount 
which enables the genetic transformation to occur. Theoretically only one copy is required; 
however, generally, numerous copies are utilized, for example, 1,000-20,000 copies of the 
transgene construct, in order to insure that one copy is functional. As regards the present 
invention, there will often be an advantage to having more than one functioning copy of each of 
the inserted exogenous DNA sequences to enhance the phenotypic expression of the exogenous 
DNA sequences. 

Any technique which allows for the addition of the exogenous genetic material 
into nucleic genetic material can be utilized so long as it is not destructive to the cell, nuclear 
membrane or other existing cellular or genetic structures. The exogenous genetic material is 
preferentially inserted into the nucleic genetic material by microinjection. Microinjection of cells 
and cellular structures is known and is used in the art. 

Reimplantation is accomplished using standard methods. Usually, the surrogate 
host is anesthetized, and the embryos are inserted into the oviduct. The number of embryos 
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implanted into a parti host will vary by species, but will usHHy be comparable to the 
number of off spring the species naturally produces. 

Transgenic offspring of the surrogate host may be screened for the presence 
and/or expression of the transgene by any suitable method. Screening is often accomplished by 
Southern blot or Northern blot analysis, using a probe that is complementary to at least a portion 
of the transgene. Western blot analysis using an antibody against the protein encoded by the 
transgene may be employed as an alternative or additional method for screening for the presence 
of the transgene product. Typically, DNA is prepared from tail tissue and analyzed by Southern 
analysis or PGR for the transgene. Alternatively, the tissues or cells believed to express the 
transgene at the highest levels are tested for the presence and expression of the transgene using 
Southern analysis or PCR, although any tissues or cell types may be used for this analysis. 

Alternative or additional methods for evaluating the presence of the transgene 
include, without limitation, suitable biochemical assays such as enzyme and/or immunological 
assays, histological stains for particular marker or enzyme activities, flow cytometric analysis, 
and the like. Analysis of the blood may also be useful to detect the presence of the transgene 
product in the blood, as well as to evaluate the effect of the transgene on the levels of various 
types of blood cells and other blood constituents. 

Progeny of the transgenic animals may be obtained by mating the transgenic 
animal with a suitable partner, or by in vitro fertilization of eggs and/or sperm obtained from the 
transgenic animal. Where mating with a partner is to be performed, the partner may or may not 
be transgenic and/or a knockout; where it is transgenic, it may contain the same or a different 
transgene, or both. Alternatively, the partner may be a parental line. Where in vitro fertilization 
is used, the fertilized embryo may be implanted into a surrogate host or incubated in vitro, or 
both. Using either method, the progeny may be evaluated for the presence of the transgene using 
methods described above, or other appropriate methods. 

The transgenic animals produced in accordance with the present invention will 
include exogenous genetic material. As set out above, the exogenous genetic material will, in 
certain embodiments, be a DNA sequence which results in the production of a target protein 
(either agonistic or antagonistic), and antisense transcript, or a target mutant. Further, in such 
embodiments the sequence will be attached to a transcriptional control element, e.g., a promoter, 
which preferably allows the expression of the transgene product in a specific type of cell. 

Retroviral infection can also be used to introduce transgene into a non-human 
animal. The developing non-human embryo can be cultured in vitro to the blastocyst stage. 
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During this time, the bl^^ieres can be targets for retroviral infectid^Jaenich, R. (1976) PNAS 
73:1260-1264). Efficient infection of the blastomeres is obtained by enzymatic treatment to 
remove the zona pellucida (Manipulating the Mouse Embryo, Hogan eds. (Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor, 1986). The viral vector system used to introduce the 
transgene is typically a replication-defective retrovirus carrying the transgene (Jahner et al. 
(1985) PNAS 82:6927-6931; Van der Putten et al. (1985) PNAS 82:6148-6152). Transfection 
is easily and efficiently obtained by culturing the blastomeres on a monolayer of virus-producing 
cells (Van der Putten, supra; Stewart et al. (1987) EMBO J. 6:383-388). Alternatively, infection 
can be performed at a later stage. Virus or virus-producing cells can be injected into the 
blastocoele (Jahner et al. (1982) Nature 298:623-628). Most of the founders will be mosaic for 
the transgene since incorporation occurs only in a subset of the cells which formed the transgenic 
non-human animal. Further, the founder may contain various retroviral insertions of the 
transgene at different positions in the genome which generally will segregate in the offspring. 
In addition, it is also possible to introduce transgenes into the germ line by intrauterine retroviral 
infection of the midgestation embryo (Jahner et al. (1982) supra). 

A third type of target cell for transgene introduction is the embryonal stem cell 
(ES). ES cells are obtained from pre-implantation embryos cultured in vitro and fused with 
embryos (Evans et al. (1981) Nature 292:154-156; Bradley et al. (1984) Nature 309:255-258; 
Gossler et al. (1986) PNAS 83: 9065-9069; and Robertson et al. (1986) Nature 322:445-448). 
Transgenes can be efficiently introduced into the ES cells by DNA transfection or by retrovirus- 
mediated transduction. Such transformed ES cells can thereafter be combined with blastocysts 
from a non-human animal. The ES cells thereafter colonize the embryo and contribute to the 
germ line of the resulting chimeric animal. For review see Jaenisch, R. (1988) Science 240: 1468- 
1474. 



4.11. Cell-free assays 

Cell-free assays can be used to identify compounds which are capable of 
interacting with an F-box protein protein or binding partner, to thereby modify the activity of the 
F-box protein protein or binding partner. Such a compound can, e.g., modify the structure of an 
F-box protein protein or binding partner and thereby affect its activity. Cell-free assays can also 
be used to identify compounds which modulate the interaction between an F-box protein protein 
and an F-box protein binding partner, such as a target peptide. In a preferred embodiment, cell- 
free assays for identifying such compounds consist essentially in a reaction mixture containing 
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an F-box protein protei a test compound or a library of test co^ounds in the presence or 
absence of a binding partner. A test compound can be, e.g., a derivative of an F-box protein 
binding partner, e.g., a biologically inactive target peptide, or a small molecule. 

Accordingly, one exemplary screening assay of the present invention includes the 
steps of contacting an F-box protein protein or functional fragment thereof or an F-box protein 
binding partner with a test compound or library of test compounds and detecting the formation 
of complexes. For detection purposes, the molecule can be labeled with a specific marker and 
the test compound or library of test compounds labeled with a different marker. Interaction of 
a test compound with an F-box protein protein or fragment thereof or F-box protein binding 
partner can then be detected by determining the level of the two labels after an incubation step 
and a washing step. The presence of two labels after the washing step is indicative of an 
interaction. 

An interaction between molecules can also be identified by using real-time BIA 
(Biomolecular Interaction Analysis, Pharmacia Biosensor AB) which detects surface plasmon 
resonance (SPR), an optical phenomenon. Detection depends on changes in the mass 
concentration of macromolecules at the biospecific interface, and does not require any labeling 
of interactants. In one embodiment, a library of test compounds can be immobilized on a sensor 
surface, e.g., which forms one wall of a micro-flow cell. A solution containing the F-box protein 
protein, functional fragment thereof, F-box protein analog or F-box protein binding partner is 
then flown continuously over the sensor surface. A change in the resonance angle as shown on 
a signal recording, indicates that an interaction has occurred. This technique is further described, 
e.g., in BIAtechnology Handbook by Pharmacia. 

Another exemplary screening assay of the present invention includes the steps of 
(a) forming a reaction mixture including: (i) an F-box protein polypeptide, (ii) an F-box protein 
binding partner, and (iii) a test compound; and (b) detecting interaction of the F-box protein and 
the F-box protein binding protein. The F-box protein polypeptide and F-box protein binding 
partner can be produced recombinantly, purified from a source, e.g., plasma, or chemically 
synthesized, as described herein. A statistically significant change (potentiation or inhibition) 
in the interaction of the F-box protein and F-box protein binding protein in the presence of the 
test compound, relative to the interaction in the absence of the test compound, indicates a 
potential agonist (mimetic or potentiator) or antagonist (inhibitor) of F-box protein self-excision 
bioactivity for the test compound. The compounds of this assay can be contacted 
simultaneously. Alternatively, an F-box protein protein can first be contacted with a test 
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compound for an appro]^^ amount of time, following which the F^Bk protein binding partner 
is added to the reaction mixture. The efficacy of the compound can be assessed by generating 
dose response curves from data obtained using various concentrations of the test compound. 
Moreover, a control assay can also be performed to provide a baseline for comparison. In the 
control assay, isolated and purified F-box protein polypeptide or binding partner is added to a 
composition containing the F-box protein binding partner or F-box protein polypeptide, and the 
formation of a complex is quantitated in the absence of the test compound. 

Complex formation between an F-box protein protein and an F-box protein 
binding partner may be detected by a variety of techniques. Modulation of the formation of 
complexes can be quantitated using, for example, detectably labeled proteins such as 
radiolabeled, fluorescently labeled, or enzymatically labeled F-box protein proteins or F-box 
protein binding partners, by immunoassay, or by chromatographic detection. 

Typically, it will be desirable to immobilize either the F-box protein or its binding 
partner to facilitate separation of complexes from uncomplexed forms of one or both of the 
proteins, as well as to accommodate automation of the assay. Binding of an F-box protein to an 
F-box protein binding partner, can be accomplished in any vessel suitable for containing the 
reactants. Examples include microtitre plates, test tubes, and micro-centrifuge tubes. In one 
embodiment, a fusion protein can be provided which adds a domain that allows the protein to be 
bound to a matrix. For example, glutathione-S-transferase/F-box protein (GST/F-box protein) 
fusion proteins can be adsorbed onto glutathione sepharose beads (Sigma Chemical, St. Louis, 
MO) or glutathione derivatized microtitre plates, which are then combined with the F-box protein 
binding partner, e.g. an 35s-labeled F-box protein binding partner, and the test compound, and 
the mixture incubated under conditions conducive to complex formation, e.g. at physiological 
conditions for salt and pH, though slightly more stringent conditions may be desired. Following 
incubation, the beads are washed to remove any unbound label, and the matrix immobilized and 
radiolabel determined directly (e.g. beads placed in scintilant), or in the supernatant after the 
complexes are subsequently dissociated. Alternatively, the complexes can be dissociated from 
the matrix, separated by SDS-PAGE, and the level of F-box protein protein or F-box protein 
binding partner found in the bead fraction quantitated from the gel using standard electrophoretic 
techniques. 

Other techniques for immobilizing proteins on matrices are also available for use 
in the subject assay. For instance, either the F-box protein or its cognate binding partner can be 
immobilized utilizing conjugation of biotin and streptavidin. For instance, biotinylated F-box 
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protein molecules can b^^pared from biotin-NHS (N-hydroxy-su^Rmide) using techniques 
well known in the art (e.g., biotinylation kit, Pierce Chemicals, Rockford, IL), and immobilized 
in the wells of streptavidin-coated 96 well plates (Pierce Chemical). Alternatively, antibodies 
reactive with an F-box protein can be derivatized to the wells of the plate, and F-box protein 
trapped in the wells by antibody conjugation. As above, preparations of an F-box protein binding 
protein and a test compound are incubated in the F-box protein presenting wells of the plate, and 
the amount of complex trapped in the well can be quantitated. Exemplary methods for detecting 
such complexes, in addition to those described above for the GST-immobilized complexes, 
include immunodetection of complexes using antibodies reactive with the F-box protein binding 
partner, or which are reactive with F-box protein protein and compete with the binding partner; 
as well as enzyme-linked assays which rely on detecting an enzymatic activity associated with 
the binding partner, either intrinsic or extrinsic activity. In the instance of the latter, the enzyme 
can be chemically conjugated or provided as a fusion protein with the F-box protein binding 
partner. To illustrate, the F-box protein binding partner can be chemically cross-linked or 
genetically fused with horseradish peroxidase, and the amount of polypeptide trapped in the 
complex can be assessed with a chromogenic substrate of the enzyme, e.g. 3,3 f -diamino- 
benzadine terahydrochloride or 4-chloro-l-napthol. Likewise, a fusion protein comprising the 
polypeptide and glutathione-S-transferase can be provided, and complex formation quantitated 
by detecting the GST activity using l-chloro-2,4-dinitrobenzene (Habig et al (1974) J Biol Chem 
249:7130). 

For processes which rely on immunodetection for quantitating one of the proteins 
trapped in the complex, antibodies against the protein, such as anti-F-box protein antibodies, can 
be used. Alternatively, the protein to be detected in the complex can be "epitope tagged" in the 
form of a fusion protein which includes, in addition to the F-box protein sequence, a second 
polypeptide for which antibodies are readily available (e.g. from commercial sources). For 
instance, the GST fusion proteins described above can also be used for quantification of binding 
using antibodies against the GST moiety. Other useful epitope tags include myc-epitopes (e.g., 
see Ellison et al. (1991) J Biol Chem 266:21 150-21 157) which includes a 10-residue sequence 
from c-myc, as well as the pFLAG system (International Biotechnologies, Inc.) or the pEZZ- 
protein A system (Pharmacia, NJ). 

Cell-free assays can also be used to identify compounds which interact with an 
F-box protein protein and modulate an activity of an F-box protein protein. Accordingly, in one 
embodiment, an F-box protein protein is contacted with a test compound and the catalytic 
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activity of F-box protei^^^ionitored. In one embodiment, the abi^^of the F-box protein to 
bind a target molecule is determined. The binding affinity of the F-box protein to a target 
molecule can be determined according to methods known in the art. 



4.12. Cell based assays 

The invention further provides certain cell-based assays for the identification of 
F-box protein modulating agents which agonize or antagonize the self-excision activity of a wild 
type or conditional mutant F-box protein. In one embodiment, the effect of a test compound on 
the expression of an F-box protein-containing gene is determined by transfection experiments 
using a reporter gene comprising a conveniently assayed marker into which has been inserted the 
subject F-box protein polypeptide sequence. The reporter gene can be any gene encoding a 
protein which is readily quantifiable, e.g, the luciferase or CAT gene. Such reporter gene are 
well known in the art. The test compound is contacted with the reporter gene expressing cell line 
and the amount of reporter (e.g. CAT) activity produced in the presence of a test compound is 
compared to the amount of activity produced in the absence of the test compound. 

In preferred embodiments, the cell-based assays of the present invention make of 
use of the genetic complementation of a particular biological phenotype by the target:F-box 
protein polypeptide for the purpose of identifying F-box protein self-excision agonist and 
antagonist compounds. For example, the complementation of a yeast gal4 mutant phenotype, 
characterized by an inability to grow on a media containing galactose as the sole carbon source, 
by a GAL4:F-box protein hybrid protein is dependent upon F-box protein self-excision from the 
hybrid protein. Screening for F-box protein self-excision agonist and antagonist compounds may 
thus be effected by contacting the gal4 GAL4:F-box protein yeast strain with a test compound 
and measuring a galactose growth characteristic in the presence and in the absence of the 
compound. Suitable galactose growth characteristics include colony size and doubling time on 
galactose media. An F-box protein self-excision to may be used to identifyt agonist and 
antagonists which affect this galactose growth phenotype. 

Another generally-applicable cell based assays useful for the identification of F- 
box protein self-excision agonists and antagonists is the yeast two-hybrid assay (Gyuris et al. 
(1993) Cell 75: 791-803) which is readily adaptable to isolating natural (e.g from a cDNA 
expression library) or synthetic (detected from a library of random open reading frames) 
polypeptides which interact with an F-box protein polypeptide of the invention. This F-box 
protein polypeptide/F-box protein polypeptide binding partner interaction can be further adapted 
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to screens which increa^^decrease this F-box protein polypeptid^^ox protein polypeptide 
binding partner interaction, thereby allowing detection of F-box protein self-excision agonists 
and antagonists. 

In a preferred embodiment of the invention, the chimeric polypeptide is 
introduced into a target cell by introducing and expressing in the target cell a nucleic acid 
encoding the chimeric polypeptide. In another embodiment of the invention, the chimeric 
polypeptide, or peptidomimetic thereof is introduced directly into the target cell. The method 
of administration of a chimeric polypeptide to a target cell may depend on various factors, 
including but not limited to whether the target cell is in a subject or ex vivo, whether prolonged 
or temporally limited presence of the chimeric polypeptide is desired and which method of 
administration may be more effective for a particular type of cell. 

The target cell can be any cell which contains the necessary components of the 
ubiquitin proteolytic pathway and a target polypeptide. In a preferred embodiment, the cell is 
a eukaryotic cell, preferably a mammalian cell and even more preferably a human cell. However, 
the target cell can also be a murine, rat, canine, feline, bovine, ovine, porcine, goat, equine, or 
a primate cell. A target cell can also be a yeast cell, e.g., Saccharomyces Cerevisiae cell. 

The target cell can be any type of cell, present in a subject or outside of a subject. 
For example, the cell in which a target polypeptide is to be degraded can be in a subject and the 
chimeric polypeptide or nucleic acid encoding such is administered to the subject. Alternatively, 
the target cell can be obtained from a subject, the chimeric polypeptide or nucleic acid encoding 
such is introduced into the target cell and the target cell is optionally administered to the same 
or another subject. In yet another embodiment, the target cell is not obtained directly from a 
subject, but is a cell from a cell culture and the chimeric polypeptide or nucleic acid encoding 
such is introduced in vitro into the target cell. Accordingly, the target cell can be a cell from any 
established cell line, which can be obtained, e.g., from the American Type Culture Collection 
(12301 Parklawn Drive, Rockville, MD). 

The target cell can be a cell in suspension or can be part of a tissue or organ. The 
cell can be an undifferentiated cell, e.g., a blast cell, or the cell can be a differentiated or partially 
differentiated cell. The cell can be a somatic cell or a germ cell. The cell can be a normal cell 
or a cell from a tumor, e.g., malignant or benign tumor. The cell can be a blood cell, such as a 
lymphocyte, a granulocyte, an eosinophil, a basophil, an erythrocyte. In other embodiments, the 
cell can be a muscle cell, a renal cell, a liver cell, a epithelial cell, a bone cell (e.g., osteoblast or 
osteocyte), a cartilage cell, mesenchymal cell, endothelial cell, brain cell, or any other cell type, 
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so long as the cell cont he necessary elements of the ubiquitin^wteolysis pathway, or can 
be modified to contain these components. 

A nucleic acid encoding a chimeric polypeptide of the invention is preferably 
included in a vector, e.g., a eukaryotic expression vector. The vector preferably comprises a 
promoter and may contain enhancer and other regulatory elements. The promoter can be cell- 
type specific, or the promoter can be expressible in different types of cells. The promoter can 
also be constitutive. Alternatively, the promoter can be inducible. An inducible promoter is 
useful in embodiments in which the target polypeptide is to be degraded only at certain times, 
in a controllable manner. 

Ligating nucleic acid fragments into a gene construct, such as an expression 
vector, and transforming or transfecting into hosts, either eukaryotic (yeast, avian, insect or 
mammalian) or prokaryotic (bacterial) cells, are standard procedures well known in the art, and 
described in references cited herein. 

Vectors that allow expression of a nucleic acid in a cell are referred to as 
expression vectors. Typically, expression vectors used for expressing a chimeric polypeptide 
contain a nucleic acid encoding a chimeric polypeptide, operably linked to at least one 
transcriptional regulatory sequence. Regulatory sequences are art-recognized and are selected 
to direct expression of the subject chimeric proteins. Transcriptional regulatory sequences are 
described in Goeddel; Gene Expression Technology: Methods in Enzymology 185, Academic 
Press, San Diego, CA (1990).. 

Suitable vectors for the expression of a chimeric polypeptide include plasmids of 
the types: pBR322-derived plasmids, pEMBL-derived plasmids, pEX-derived plasmids, pBTac- 
derived plasmids and pUC-derived plasmids for expression in prokaryotic cells, such as E, coli. 

A number of vectors exist for the expression of recombinant proteins in yeast. 
For instance, YEP24, YIPS, YEP51, YEP52, pYES2, and YRP17 are cloning and expression 
vehicles useful in the introduction of genetic constructs into S. cerevisiae (see, for example, 
Broach et al. (1983) in Experimental Manipulation of Gene Expression, ed. M. Inouye 
Academic Press, p. 83, incorporated by reference herein). These vectors can replicate in E. coli 
due the presence of the pBR322 ori, and in S. cerevisiae due to the replication determinant of the 
yeast 2 micron plasmid. In addition, drug resistance markers such as ampicillin can be used. 

The preferred mammalian expression vectors contain both prokaryotic sequences, 
to facilitate the propagation of the vector in bacteria, and one or more eukaryotic transcription 
units that are expressed in eukaryotic cells. The pcDNAI/amp, pcDNAI/neo, pRc/CMV, 
pSV2gpt, pSV2neo, pSV2-dhfr, pTk2, pRSVneo, pMSG, pSVT7, pko-neo and pHyg derived 
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vectors are examples o^^nmalian expression vectors suitable ft^^nsfection of eukaryotic 
cells. Some of these vectors are modified with sequences from bacterial plasmids, such as 
pBR322, to facilitate replication and drug resistance selection in both prokaryotic and eukaryotic 
cells. Alternatively, derivatives of viruses such as the bovine papillomavirus (BPV-1), or 
Epstein-Barr virus (pHEBo, pREP-derived and p205) can be used for transient expression of 
proteins in eukaryotic cells. The various methods employed in the preparation of the plasmids 
and transformation of host organisms are well known in the art. For other suitable expression 
systems for both prokaryotic and eukaryotic cells, as well as general recombinant procedures, 
see Molecular Cloning A Laboratory Manual, 2 nd Ed., ed. by Sambrook, Fritsch and Maniatis 
(Cold Spring Harbor Laboratory Press: 1989) Chapters 16 and 17. 

A vector for use in the invention may also contain additional regulatory elements, 
such as elements which regulate the stability of the mRNA encoding the chimeric polypeptide 
or elements which regulate the level of transduction of the mRNA or the stability of the chimeric 
polypeptide. Such elements are well known in the art. 

The invention also provides nucleic acids, and vectors comprising such, which 
encode an E3 recruiting domain. In a preferred embodiment, the nucleic acid further comprises 
the nucleotide sequence of at least one restriction enzyme recognition site, which allows in frame 
insertion of a nucleic acid encoding a target protein binding domain, such that expression of the 
nucleic acid produces a chimeric polypeptide. The restriction enzyme site can be located 
upstream or downstream of the nucleotide sequence encoding the E3 recruiting domain. 

Vectors encoding chimeric polypeptides can be introduced into target cells by 
various methods. The choice of the method may depend on the type of target cell and whether 
the vector is to be introduced into cells in a host, i.e., in vivo, or ex vivo. 

In certain embodiments, it may be preferable to directly introduce a chimeric 
polypeptide or peptidomimetic thereof into a target cell, as opposed to inserting a nucleic acid 
encoding such. 

The polypeptides can be synthesized in vitro or alternatively, the polypeptides of 
the invention can be produced in a cell, isolated and introduced into the target cell. For example, 
a host cell transfected with a nucleic acid vector directing expression of a nucleotide sequence 
encoding the subject polypeptides can be cultured under appropriate conditions to allow 
expression of the peptide to occur. Suitable media for cell culture are well known in the art. The 
recombinant polypeptide can be isolated from cell culture medium, host cells, or both using 
techniques known in the art for purifying proteins including ion-exchange chromatography, gel 
filtration chromatography, ultrafiltration, electrophoresis, and immunoaffinity purification with 
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antibodies specific for peptide. In a preferred embodiment, t^ffecombinant polypeptide 
is a fusion protein containing a domain which facilitates its purification, such as GST fusion 
protein or a Histidine tagged protein. 

In some instances, it may be desirable to express the recombinant ACE-2 
polypeptide by the use of a baculovirus expression system. Examples of such baculovirus 
expression systems include pVL-derived vectors (such as pVL1392, pVL1393 and pVL941), 
pAcUW-derived vectors (such as pAcUWl), and pBlueBac-derived vectors (such as the B-gal 
containing pBlueBac III). 

Methods for introducing polypeptides or peptidomimetics into cells are well 
known in the art and include, e.g., use of liposomes. 

The methods and compositions of the invention provide a means for degradating 
any desired protein in a cell, so long as the target polypeptide can be recruited to an E3 complex 
and thereby be degraded. Accordingly, the invention provides methods and compositions for 
treating or preventing any disease or condition in a subject, which is caused by or contributed to 
by the presence of an abnormal amount of a specific polypeptide. The invention can be used to 
reduce the amount of a target protein to various extends as well as to eliminate essentially all of 
the target polypeptide from the target cell. 

The target polypeptide can be a cytoplasmic polypeptide, a nuclear polypeptide 
or a membranous polypeptide, e.g., a polypeptide attached to the cytoplasmic membrane. 

In one embodiment, the target polypeptide is involved in regulating the growth 
and/or differentiation and/or death of a cell. For example, the target polypeptide can be an 
oncoprotein, the presence of which contributes to the immortalization of a cell. Accordingly, the 
invention provides methods and compositions for treating cancer and other proliferative 
disorders. 

In another embodiment, the target polypeptide is that of a microorganism, e.g., 
a virus or intracellular bacteria. Preferred polypeptides are those which are necessary for the 
survival and/or reproduction of the microorganism. Thus, methods involving degradation of 
such polypeptides can be used for treating and/or preventing infections by microorganisms. 

Also within the scope of the invention are methods for specifically eliminating 
cells in a subject, by targeting and degrading polypeptides which are essential for the survival 
of the target cell. Thus, controlling expression of the chimeric polypeptide with an inducible 
promoter provides a method for controlled cell death. Such a method is particularly useful in 
gene therapy methods, by providing a safety mechanism, by which genetically engineered can 
366025.1 121 



be destroyed upon a< 



Istration of a compound inducing e^ffession of the chimeric 




polypeptide. 

Pharmaceutical compositions for use in accordance with the present invention 
may be formulated in conventional manner using one or more physiologically acceptable carriers 
or excipients. As used herein "pharmaceutical compositions" include any compositions that may 
be administered to treat a subject according to the method of the invention, and may comprise 
a chimeric polypeptide, peptidometic, nucleic acid encoding a chimeric polypeptide and/or other 
desirable compounds. Thus, the compounds and their physiologically acceptable salts and 
solvates may be formulated for administration by, for example, injection, inhalation or 
insufflation (either through the mouth or the nose) or oral, buccal, parenteral or rectal 
administration. 



formulated for a variety of loads of administration, including systemic and topical or localized 
administration. Techniques and formulations generally may be found in Remmington's 
Pharmaceutical Sciences, Meade Publishing Co., Easton, PA. For systemic administration, 
injection is preferred, including intramuscular, intravenous, intraperitoneal, and subcutaneous. 
For injection, the pharmaceutical compositions of the invention can be formulated in liquid 
solutions, preferably in physiologically compatible buffers such as Hank's solution or Ringer's 
solution. In addition, the pharmaceutical compositions may be formulated in solid form and 
redissolved or suspended immediately prior to use. Lyophilized forms are also included. 



for example, tablets or capsules prepared by conventional means with pharmaceutically 
acceptable excipients such as binding agents (e.g., pregelatinised maize starch, 
polyvinylpyrrolidone or hydroxypropyl methylcellulose); fillers (e.g., lactose, microcrystalline 
cellulose or calcium hydrogen phosphate); lubricants (e.g., magnesium stearate, talc or silica); 
disintegrants (e.g., potato starch or sodium starch glycolate); or wetting agents (e.g., sodium 
lauryl sulphate). The tablets may be coated by methods well known in the art. Liquid 
preparations for oral administration may take the form of, for example, solutions, syrups or 
suspensions, or they may be presented as a dry product for constitution with water or other 
suitable vehicle before use. Such liquid preparations may be prepared by conventional means 
with pharmaceutically acceptable additives such as suspending agents (e.g., sorbitol syrup, 
cellulose derivatives or hydrogenated edible fats); emulsifying agents (e.g., lecithin or acacia); 
non-aqueous vehicles (e.g., ationd oil, oily esters, ethyl alcohol or fractionated vegetable oils); 
and preservatives (e.g., methyl or propyl-p-hydroxybenzoates or sorbic acid). The preparations 
may also contain buffer salts, flavoring, coloring and sweetening agents as appropriate. 



For such therapy, the pharmaceutical compositions of the invention can be 



For oral administration, the pharmaceutical compositions may take the form of, 
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Preparat^^for oral administration may be suitably ^B^ulated to give controlled 
release of the active compound. For buccal administration the compositions may take the form 
of tablets or lozenges formulated in conventional manner. For administration by inhalation, the 
compounds for use according to the present invention are conveniently delivered in the form of 
an aerosol spray presentation from pressurized packs or a nebuliser, with the use of a suitable 
propellant, e.g., dichlorodifluoromethane, trichlorofluoromethane, dichlorotetrafluoroethane, 
carbon dioxide or other suitable gas. In the case of a pressurized aerosol the dosage unit may be 
determined by providing a valve to deliver a metered amount. Capsules and cartridges of e.g., 
gelatin for use in an inhaler or insufflator may be formulated containing a powder mix of the 
compound and a suitable powder base such as lactose or starch. 

The compounds may be formulated for parenteral administration by injection, 
e.g., by bolus injection or continuous infusion. Formulations for injection may be presented in 
unit dosage form, e.g., in ampoules or in multi-dose containers, with an added preservative. The 
compositions may take such forms as suspensions, solutions or emulsions in oily or aqueous 
vehicles, and may contain formulatory agents such as suspending, stabilizing and/or dispersing 
agents. Alternatively, the active ingredient may be in powder form for constitution with a 
suitable vehicle, e.g., sterile pyrogen-free water, before use. 

The compounds may also be formulated in rectal compositions such as 
suppositories or retention enemas, e.g., containing conventional suppository bases such as cocoa 
butter or other glycerides. 

In addition to the formulations described previously, the pharmaceutical 
compositions may also be formulated as a depot preparation. Such long acting formulations may 
be administered by implantation (for example subcutaneously or intramuscularly) or by 
intramuscular injection. Thus, for example, the compounds may be formulated with suitable 
polymeric or hydrophobic materials (for example as an emulsion in an acceptable oil) or ion 
exchange resins, or as sparingly soluble derivatives, for example, as a sparingly soluble salt. 

Systemic administration can also be by transmucosal or transdermal means. For 
transmucosal or transdermal administration, penetrants appropriate to the barrier to be permeated 
are used in the formulation. Such penetrants are generally known in the art, and include, for 
example, for transmucosal administration bile salts and fusidic acid derivatives. In addition, 
detergents may be used to facilitate permeation. Transmucosal administration may be through 
nasal sprays or using suppositories. For topical administration, the pharmaceutical compositions 
of the invention are formulated into ointments, salves, gels, or creams as generally known in the 
art. A wash solution can be used locally to treat an injury or inflammation to accelerate healing. 

In clinical settings, a gene delivery system of the chimeric polypeptide encoding 
nucleic acid can be introduced into a patient by any of a number of methods, each of which is 



366025.1 



123 



familiar in the art. For^^bice, a pharmaceutical preparation of t^^^ne delivery system can 
be introduced systemically, e.g., by intravenous injection, and specific transduction of the protein 
in the target cells occurs predominantly from specificity of transfection provided by the gene 
delivery vehicle, cell-type or tissue-type expression due to the transcriptional regulatory 
sequences controlling expression of the receptor gene, or a combination thereof. In other 
embodiments, initial delivery of the recombinant gene is more limited with introduction into the 
animal being quite localized. For example, the gene delivery vehicle can be introduced by 
catheter (see U.S. Patent 5,328,470) or by stereotactic injection (e.g., Chen et al. (1994) PNAS 
91: 3054-3057). A nucleic acid encoding a chimeric polypeptide can be delivered in a gene 
therapy construct by electroporation using techniques described, for example, by Dev et al. 
((1994) Cancer Treat Rev 20:105-115). 

The pharmaceutical preparation of the gene therapy construct or compound of the 
invention can consist essentially of the gene delivery system in an acceptable diluent, or can 
comprise a slow release matrix in which the gene delivery vehicle or compound is imbedded. 
Alternatively, where the complete gene delivery system can be produced intact from recombinant 
cells, e.g., retroviral vectors, the pharmaceutical preparation can comprise one or more cells 
which produce the gene delivery system. 

The compositions may, if desired, be presented in a pack or dispenser device 
which may contain one or more unit dosage forms containing the active ingredient. The pack 
may for example comprise metal or plastic foil, such as a blister pack. The pack or dispenser 
device may be accompanied by instructions for administration. 

The invention provides a quick, easy, and economic alternative to the gene knock- 
out technology to eliminate any cellular protein in tissue culture or in animals. For example, a 
chimeric polypeptide or nucleic acid encoding such can be introduced into embryonic stem cells 
or in a blastocyst (for preparing transgenic animals), but also at any later stage of development 
of the embryo or animal, or even in an adult animal. Thus, the target polypeptide can be 
degraded from the early developmental stages on, or it can be degraded only at specific 
developmental stages or in a mature animal. This allows the study of the function of a specific 
target polypeptide, by specifically eliminating the polypeptide in the desired cell or in all the 
cells of an animal. 

The method of the invention will be useful, e.g., in drug discovery. For example, 
specific degradation of a protein of interest can be used to determine the effect of a drug that 
would eliminate or inhibit the activity of the protein of interest, and thus whether this protein is 
an ideal target for drug intervention. 
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Inanoth 




►odiment, the 



invention provides a screerang method for identifying 




compounds which modulate, i.e., inhibit or stimulate, the interaction between two molecules. 
In a preferred embodiment, the invention provides a method for identifying compounds which 
inhibit the binding of two polypeptides to each other. For example, a method for identifying a 
compound which inhibits the interaction between polypeptide X and polypeptide Y comprises 
expressing in a cell a chimeric polypeptide comprising (i) an E3 recruiting domain, e.g., an F-box 
and WD repeats of the human h-pTrCP protein and (ii) a portion of polypeptide X, sufficient for 
binding to polypeptide Y. Optionally, a nucleic acid encoding polypeptide Y, or a portion 
thereof sufficient for binding to polypeptide X, can also be introduced and expressed in the cell. 
Polypeptide Y (the target polypeptide) can also be linked to a marker peptide which can easily 
be detected, e.g., by using an antibody to the marker peptide. For example, a marker peptide can 
be a myc tag or a peptide of the Influenza virus, for which highly specific antibodies are 
commercially available. The cell can then be contacted with a test compound and the presence 
and/or amount of polypeptide Y is determined. Any of a variety of techniques for detecting the 
presence and/or amount of polypeptide Y can be used. For example, methods including the use 
of an antibody directed to polypeptide Y or to a marker peptide linked to polypeptide Y can be 
used, and include methods such as immunoprecipitations and Western Blots, 
immunohistochemistry. Alternatively, polypeptide Y can be labeled, e.g., radioactively labeled, 
and the presence of the presence and/or amount of polypeptide Y is determined, e.g., by 
measuring the amount of radioactivity that is precipitated with an antibody that binds specifically 
to polypeptide Y. The presence of a higher level of polypeptide Y in a cell contacted with a test 
compound relative to the level of polypeptide Y present in an identical cell which was not 
contacted with the test compound indicates that the test compound inhibits the interaction 
between polypeptide X and polypeptide Y. 



comprising a portion of polypeptide Y sufficient for binding to X, further comprises a cell death 
inducing domain, e.g., from the Fas or Apo-1 protein, such that the presence of a sufficient 
amount of Y in a cell induces the cell to undergo cell death. In this case, contacting the cell with 
a compound which inhibits the interaction between the polypeptides X and Y will result in cell 
death, whereas contacting the cell with a compound which does not inhibit binding of the two 
polypeptides to each other will not result in cell death since the death inducing polypeptide will 
be degraded in the cell by the ubiquitin proteolytic pathway. In this embodiment it may be 



In another embodiment of the above-described screening assay, the polypeptide 
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preferable to control thefBfence of Y in a cell by, e.g., operably winning the nucleic acid 
encoding Y to an inducible promoter. 

Thus, the method of the invention provides an easy and reliable screening assay 
for identifying compounds which inhibit or stimulate the interaction between two polypeptides 
in a cell, in particular a mammalian cell. 

The method of the invention also provides a powerful technology for the 
functional genomic studies to analyze the functions of novel genes identified by the human 
genome project. 

Furthermore, the function of proteins interacting with a specific protein of interest 
can be determined by specifically targeting the degradation of one or more of these interacting 
proteins. In addition, through systematic elimination of multiple interacting proteins and 
comparison of the phenotypes generated from each targeted proteolysis, an overall picture of the 
entire pathway of these proteins can be obtained. Thus, in addition to the numerous therapeutic 
uses for the method of the invention, the method is a useful experimental tool that can be used 
for elucidating the biological activity of any protein of interest. The information derived from 
this research can then be used for diagnostic, prognostic and therapeutic purposes. 

The present invention is further illustrated by the following examples which 
should not be construed as limiting in any way. The contents of all cited references (including 
literature references, issued patents, published patent applications as cited throughout this 
application are hereby expressly incorporated by reference. The practice of the present invention 
will employ, unless otherwise indicated, conventional techniques of cell biology, cell culture, 
molecular biology, transgenic biology, microbiology, recombinant DNA, and immunology, 
which are within the skill of the art. Such techniques are explained fully in the literature. See, 
for example, Molecular Cloning A Laboratory Manual, 2 nd Ed., ed. by Sambrook, Fritsch and 
Maniatis (Cold Spring Harbor Laboratory Press: 1989); DNA Cloning, Volumes I and II (D. N. 
Glover ed., 1985); Oligonucleotide Synthesis (M. J. Gait ed., 1984); Mullis et al. U.S. Patent No: 
4,683,195; Nucleic Acid Hybridization(B. D. Hames & S. J. Higgins eds. 1984); Transcription 
And Translation (B. D. Hames & S. J. Higgins eds. 1984); Culture Of Animal Cells (R. I. 
Freshney, Alan R. Liss, Inc., 1987); Immobilized Cells And Enzymes (IRL Press, 1986); B. 
Perbal, A Practical Guide To Molecular Cloning (1984); the treatise, Methods In Enzymology 
(Academic Press, Inc., N.Y.); Gene Transfer Vectors For Mammalian Cells (J. H. Miller and M. 
P. Calos eds., 1987, Cold Spring Harbor Laboratory); Methods In Enzymology, Vols. 154 and 
155 (Wu et al. eds.), Immunochemical Methods In Cell And Molecular Biology (Mayer and 
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Walker, eds., Academic tIKs, London, 1987); Handbook Of Experimental Immunology, 
Volumes I-IV (D. M. Weir and C. C. Blackwell, eds., 1986); Manipulating the Mouse Embryo, 
(Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y., 1986). 



5, Examples 

Cdc4p is an unstable component of the SCF™ 04 ? complex 

The Cdc34p/SCF Cdc4p pathway appears to operate at cell cycle stages other than 
the Gl/S transition (King et al. (1996) Science 274: 1652-9), suggesting that the components 
involved in the Cdc34p/SCF Cdc4p pathway must be physically present throughout the cell cycle. 
Indeed, the steady-state level of Cdc34p does not fluctuate during the cell cycle (Goebl et al. 
(1994) Mol Cell Biol 14: 3022-9). To test whether the components comprising the SCF 01 ^ 
complex are stable and available throughout the cell cycle, we examined the half life of 
individual SCF cdc4p components in exponentially growing yeast cells. Expression of epitope- 
tagged Cdc4p, Cdc53p and Skplp under the control of the galactose-inducible GALI-10 promoter 
was induced for 1 hour in exponentially growing KY130 cells, and the stability of the proteins 
was determined following promoter shut-off by switching cells into glucose media containing 
cyclohexamide (Visintin et al. (1997) Science 278: 460-3). As shown in Fig. 1A, Cdc53p and 
Skplp were stable (Tl/2 > 60'), whereas Cdc4p was short-lived, with a half life of 15 minutes, 
similar to that of Siclp (Verma et al. (1997) Science 278: 455-60). To examine whether the 
observed instability of Cdc4p was an intrinsic property and not due to heterologous expression 
of epitop tagged Cdc4p, we examined the half life of endogenous Cdc4p, which is expressed at 
very low levels in wild type cells. By pulse chase, we found that endogenous Cdc4p was also 
unstabl e, with a tl/2 comparable to what was observed for thetransfected Cdc4p (Fig. IB). This 
experiment also independently confirmed the stabilityof the endogenous Skplp (Fig. IB). Since 
Cdc34p/SCF Cdc4p proteolytic activity has been implicated in multiple cell cycle stages (Bai et al. 
(1996) Cell 86: 263-74; Schwob et al. (1994) Cell 79: 233-44), we next analyzed the half life of 
Cdc4p in cells synchronized at specific stages of the cell cycle. As shown in Fig. 1C, Cdc4p was 
rapidly degraded in synchronized cells upon release from alpha-factor mediated arrest in Gl 
phase, from hydroxyurea arrest in S phase, or from nocodazole arrest in M phase, demonstrating 
that Cdc4p is degraded throughout the cell cycle. These data indicated that Cdc4p was the only 
short-lived component of the Cdc34p/SCF Cdc4p complex, and that intact SCF Cdc4p existed as a 
transient complex in vivo. 
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Figure 1 s^Pfs that Cdc4p is the only unstable component of the SCF Cdc4p 
ubiquitin protein ligase complex. (A) Exponentially growing KY130 cells carrying either Flag- 
Cdc4p,HA-Cdc53p, Flag-Skplp or Siclp-HA under the control of the GALl-10 promoter, were 
induced to express the individually tagged proteins for 1 hour by 2% galactose, and their half- 
lives were determined by promoter shut-off and immunoblotting using anti-Flag (M2) or HA.l 1 
monoclonal antibodies to detect F-Cdc4p, Siclp-HA, HA-Cdc53p and F-Skplp, respectively. 
As a loading control, endogenous Cdc28p was visualized by immunoblotting using an anti- 
Cdc28p antibody, "o" is an unknown species in yeast extracts which cross-reacts with the anti- 
Flag M2 monoclonal antibody. (B) The endogenous Cdc4p is short-lived. Pulse-chase analysis 
was carried out in exponentially growing KYI 30 cells, and the decay of the endogenous Cdc4p 
or Skplp over time were determined by immunoprecipitation with an affinity purified anti-Cdc4p 
polyclonal antibody or an anti-Skplp antibody. 35 S-labeled Cdc4p or Skplp immunoprecipitates 
were subjected to SDS-PAGE and were visualized after 4 days of exposure. (C) KYI 30 cells 
carrying GAL-F-Cdc4p were first arrested by (x-factor in Gl phase, hydroxyurea in S phase or 
nocodazole in M phase (Visintin et al., 1997). Following the release from growth arrest, the 
levels of F-Cdc4p over the indicated time periods upon promoter shut-off was determined by 
iminunoprecipitation and visualized by immunoblotting using the anti-Flag M2 antibody. The 
M2 cross-reacting species in (A) was not present in the immunoprecipitates. 



Cdc4p is Degraded bv the Ubiquitin-Proteasome Pathway 

We next examined whether Cdc4p proteolysis was ubiquitin dependent by testing 
directly whether Cdc4p was ubiquitinated in vivo. Since endogenous Cdc4p is present at very 
low levels and because multiubiquitinated species are quickly degraded by the 26S proteasome, 
high copy number plasmeds expressing Cdc4p either alone or together with Myc-tagged 
ubiquitin were introduced into wild type yeast cells to facilitate detection of ubiquitin-conjugated 
Cdc4p intermediates. Myc-tagged ubiquitin can be efficiently conjugated to proteins to form 
multi-ubiquitinated chains (Ellison and Hochstrasser (1991) J Biol Chem 266: 21150-7). 
Furthermore, addition of the Myc-epitope on ubiquitin results in a distinct electrophoretic pattern 
of slower migrating species on SDS PAGE when compared to that of the protein conjugated to 
native ubiquitin, thus serving as a specific indicator of ubiquitinated intermediates (Ellison and 
Hochstrasser (1991) J Biol Chem 266: 21 150-7). Cdc4p was immunoprecipitated from extracts 
of exponentially growing cells using an anti-Cdc4p polyclonal antibody, blotted and probed with 
the 9E10 monoclonal antibody for Myc-Ub, and with the Cdc4p-specific antibody. In Cdc4p and 
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;,^fedder of slower migrating species wafte 



Myc-Ub expressing cells,^Rdder of slower migrating species was Tietected by the Cdc4p 
specific antibody as well as the Myc antibody that recognizes Myc-Ub conjugated proteins (Fig. 
2A, lanes 4 and 8). In cells expressing Cdc4p alone, a similar spectrum of bands was observed 
with the Cdc4p specific antibody, but not the Myc antibody (Fig. 2A, lanes 3 and 7). However, 
slower migrating species of Cdc4p could be detected using the anti-ubiquitin antibody (data not 
shown), identifying the slow migrating species in Cdc4p expressing cells (Fig. 2A, lane 3) as 
ubiquitinated conjugates. Furthermore, Myc-ubiquitin conjugates of endogenous Cdc4p could 
be observed upon longer exposure of lane 6 (Fig. 2A, lanes 10). The Cdc4p-Myc-Ub n species 
had slower electrophoretic mobility compared to the Cdc4p-Ub n species due to the addition of 
the Myc-tag on the ubiquitin (Fig. 2A, compare lanes 3 and 4). These data provide unambiguous 
evidence that the slow migrating species of Cdc4p are ubiquitinated. Furthermore, Cdc4p 
degradation was inhibited in yeast cells carrying the temperature sensitive preUl,pre4-l double 
mutations of the 20S proteasome subunits at 37°C (Fig. 2B) (Hilt et al. (1993) J Biol Chem 268: 
3479-86), indicating that Cdc4p is subjected to proteasome mediated proteolysis. Taken together 
with the rapid turnover rate of Cdc4p, these experiments indicate that the F-box-containing 
component of SCF Cdc4p is itself subject to degradation by the ubiquitin-proteasome pathway. 

Figure 2 shows that Cdc4p is ubiquitinated and degraded by the proteasome in 
vivo. (A) INVScl cells expressing Myc-Ub alone (lanes 2 and 6), or Cdc4p alone (lanes 3 and 
7), or Myc-Ub and Cdc4p (lanes 4 and 8) were immunoprecipitated with the anti-Cdc4p 
polyclonal antibody, and were immunoblotted with either anti-Cdc4p antibody or the 9E10 anti- 
Myc antibody which recognized Myc-tagged ubiquitin. INVScl cells carrying expression 
vectors alone (lanes 1, 5 and 9) were used as a negative control. The arrowhead indicates the 
endogenous Cdc4p (lanes 1 and 2) or ectopically expressed Cdc4p (lanes 3 and 4). Upon 5X 
prolonged exposure, the endogenous Cdc4p was shown to be modified by the Myc-Ub (lane 10). 

"." and "*" represents Cdc4p modified by endogenous ubiquitin or Myc-Ub, respectively, "o" 

indicates a cellular protein cross-reactive with the Cdc4p antibody. (B) The stability of the F- 
Cdc4p in YY371 and YY374 cells was assessed by promoter shut-off at 37°C. "o" is an 
unknown protein cross-reacting with the anti-Flag M2 monoclonal antibody. 

The F-box-containing Grrlp of the SCF^" 1 ? is also Ubiquitinated and Rapidly Degraded. 

To investigate whether the rapid tumovep^fXdc 4pJs^L§gecific feature of that^ 
protein, or whether it is a characteristic shared by other F-box-containing ubiquitin protein 

' — — : ^ 
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ligases, we examined the sSIRty of the F-box-containing Grrlp of SC^^ (Barral et al. (1995) 
Genes Dev 9: 399-409; Li and Johnston (1997) EMBO J 16: 5629-38; Skowyra et al. (1997) Cell 
91: 209-19). HA-tagged Grrlp, lacking, the N-terminal 280 amino acids (HA-Grrlp AN ), has 
previously been shown to be fully functional since it can complement agrri null allele (Li and 
Johnston (1997) EMBO J 5629-38). The half life of HA-Grrlp AN was determined in wild type 
cells constitutively expressing HA-Grrlp^. In a pulse chase analysis shown in Fig. 5 A, HA- 
Grrlp AN was rapidly degraded, with a tl/2 of 30 minutes. Ubiquitin conjugates of HA-Grrlp^ 
were demonstrated by the marked enhancement of a HA-Grrlp AN ubiquitin ladder when 
exogenous ubiquitin was also overexpressed (Fig. 5B, compare lanes 3 and 4). Furthermore, the 
spectrum of the HAGrr 1 p AN ~Myc-Ub species exhibil^ of the 

electrophoretic mobility compared to ubiquitinated HA-Grrlp^ proteins conjugated with the 
native ubrqmtih1[Fig. 5B7lanes 3, 4 and 5) (Ellison and Hochstrasser (1991) J Biol Chem 266: 
^2 H 50-7),— In -Myc-Ub expressing c^^, Jte sW 

immunoreactive with anti-Myc antibody (data not shown). These results indicate that HA- 
Grrlp AN is indeed ubiquitinated inside^jthe cell. An analogous SCF^ 2 complex was recently 
des^Sed"inhuman"cells (Lisztwan et alf(i9"98) EMBO £ 17: 368-83)T Interestingly, the protein 
level of the human homolog of Grrip, p45 Skp2 , decreases during the M phase of the cell cycle. 
Although the abundance of the SKP2 mRNA is cell cycle regulated (Zhang et al. (1995) Cell 58: 
1085-95), ubiquitin-dependent proteolysis may also play a role since addition of the proteasome 
inhibitor LLnL prevents the decrease of Skp2 protein levels in M phase (Lisztwan et al. (1998) 
EMBO J 17: 368-83). Therefore, we propose that ubiquitin-dependent proteolysis of F-box- 
containing substrate recognition component in SCFs is likely a general scheme for the function 
of the SCF ubiquitin-protein ligases. 

Figure 5 shows that Grrlp is also a short-lived protein and is ubiquitinated in vivo, 
(A) Wild type Y81 cells constitutively expressing HA-GRRl^ were grown to mid-log phase, and 
the half-life of HA-Grrlp AN was determined by pulse-chase analysis and immunoprecipitation 
with the HA. 11 anti-HA polyclonal antibody (Babco) as in Fig. IB. (B) Y81 cells expressing 
Myc-Ub alone (lanes 2), or HA-Grrlp AN alone (lanes 3), Ub and HA-Grrlp AN (lanes 4 or Myc-Ub 
and HA-Grrlp AN (lanes 5) were immunoprecipitated with the HA. 1 1 anti-HA polyclonal antibody 

(Babco) and immunoblotted with the HA.l 1 monoclonal antibody (Babco) for HA-Grrlp AN . 

and are examples of HA-Grrlp AN conjugated to ubiquitin or Myc-Ub, respectively. The 
slower migrating HA-Grrlp AN conjugates marked by were also detected by anti-Myc 
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monoclonal antibody (not^rown). "o" indicates unknown species in Y81 extracts that cross- 
react with HA.l 1 monoclonal antibody. 



Cdc4p Proteolysis is Mediated by the Cdc34p/S CF Cdc4p Machinery 

The fact that one of the SCF components is also degraded by the ubiquitin- 
proteasome pathway raised the question of whether the Cdc34p/SCF Cdc4p machinery that degrades 
phosphorylated substrates is the same machinery that promotes ubiquitinat ion of Cdc4p, or 
whether a separate pathway exists for ubiquitin dependent proteolysis of Cdc4p. We therefore 
analyzed Cdc4p stability in cdc34-2 and skpl-11 temperature sensitive cells. It has been shown 
that the Cdc4p substrate, Siclp, is stable in cdc34-2 and skpl-11 cells at the non-permissive 
temperature due to the inactivation of the Cdc34p ubiquitin-conjugating enzyme and the Skplp 
component of SCF cdc4p , respectively (Bai et al. (1996) Cell 86: 263-74; Schwob et al. (1994) Cell 
79: 233-44). In both cdc34-2 and skpl-11 mutants, Cdc4p accumulated to a high steady state 
level, and its degradation was dramatically inhibited at the non-permissive temperature with tl/2 
>60 minutes (Fig. 3). As a control, we showed that when the temperature was raised from 25°C 
to 37°C, F-Cdc4p was degraded at a slightly higher rate in the respective isogenic wild type cells 
(data not shown). Since Cdc28p dependent phosphorylation is a prerequisite for Siclp 
recognition by Cdc4p and its subsequent ubiquitination by the Cdc34p/SCF Cdc4p pathway 
(Feldman et al. (1997) Cell 91: 221-30; Schneider et al. (1996); Schwob et al. (1994) Cell 79: 
233-44; Skowyra et al. (1997) Cell 91: 209-19; Verma et al. (1997) Science 278: 455-60), we 
next examined whether the Cdc28p kinase also plays a role in the degradation of Cdc4p itself. 
In cdc28-4 temperature sensitive ells, Siclp degradation is impaired at the non-permissive 
temperature (37°C) and the cells are arrested at the Gl/S boundary (Schwob et al. (1994) . 
However, Cdc4p was still rapidly degraded at 37°C (Fig. 3), indicating that the inhibition of 
Cdc4p turnover in cdc34-2 and skpl-11 was not due to a general cell cycle arrest, but rather 
resulted from the specific inactivatio nof Cdc34p and Skplp, respectively. Th us, we conclude 
that Cdc4p is a uto^biquitinated^byj the Cdc34p/SCF Cdc4p machinery. Whereas Siclp degradation 
is triggered by Cdc28p-dependent phosphorylation at a specific stage of cell cycle, our results 
indicate th at Cdc4p proteolysis is constitutive and not subject to regulation by the Cdc28p kinase 



(Fig. 1C, Fig^J. 

Figure 3 shows that Cdc4p is stabilized in cdc34-2 and skpl-11, but not cdc28-4 
temperature sensitive mutant cells. The half-life of the galactose inducible F-Cdc4p in cdc34-2 
(KY203), skpl-11 (Y553) or cdc28-4 cells was determined by promoter shut-off at the non- 
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restrictive (25°C) or restriclWtemperatures (37°C). The decay of the F^5c4p protein over time 
was measured by immunoblotting (skpl-11 and cdc28-4) or immunoprecipitation followed by 
immunoblotting (cdc34-2) using the anti-Flag antibody, "o" is an unknown species cross- 
reacting with the anti-Flag M2 monoclonal antibody. 

Functional Association of Cdc4p with the Core SCF is Necessary for its Destruction 

The Cdc4p F-box has been shown to directly interact with Skplp in the assembly 
of the SCF Cdc4p complex (Bai et al. (1996) Cell 86: 263-74; Skowyra et al. (1997) Cell 91: 209- 
19). Since efficient transfer of ubiquitin to Siclp requires the direct interaction of Siclp with the 
Cdc34p/SCF Cdc4p machinery, mutant Cdc4p defective in its binding to Skplp should be resistant 
to degradation. To test this hypothesis, we engineered two mutant forms of Cdc4p, containing 
either a Gly 300 to Asp substitution in the F-box corresponding to the cdc4-5 ts allele 
(Cdc4p(G300D)), or a deletion of the entire F-Box (Cdc4p(AF)) (Bai et al. (1996) Cell 86: 263- 
74). The binding of these mutant proteins to Skplp was reduced 10 to 15 fold compared to wild 
type Cdc4p protein in the in vitro binding assays (data not shown). These two mutant Cdc4p 



proteins were transiently expressed in KY130 cells under the control of the GAL1-10 promoter 
at 30°C, and their half lives-were examined after promoter shut-off. As shown in Fig. 4A, the 
Cdc4p(G300D) and Cdc4p(AF) proteins were both stable, with half lives greater than 60 minutes. 
In addition, cells expressing the stable Cdc4p(G300D) mutant exhibited severe growth defects. 
The cdc4-5 allele bearing the G300D mutation at the chromosomal CDC4 locus (Bai et al., 
1996), could only grow at the low permissive temperature (23°C), and was completely arrested 
in Gl at 34°C with large and multiply budded cells (Fig. 4B). This is likely due to the inability 
of the Cdc4p(G300D) mutant to target its substrates to the SCF machinery for destruction. A 
similar partial phenotype was observed in KY130 cells ectopically expressing Cdc4p(AF). These 
cells displayed a 2- to 3-fold reduced growth rate compared to cells expressing wild type Cdc4p. 
Microscopic examination revealed an increased population of large, multiply budded cells, 
morphologically similar to the Gl arrested cdc4 ts cells grown at the non-permissive temperature 
(Johnson (1991) Thesis in Genetics, Univ. of WA, Seattle; Schwob et al., (1994) Cell 79: 233- 
44) (Fig. 4B). However, complete growth arrest was not observed since high level expression 
of the Cdc4p(AF) mutant protein could not be sustained in actively dividing KY130 cells for 
reasons yet to be determined (data not shown). In any case, these observations indicate that 
binding of Cdc4p with the core SCF is necessary for its proteolysis, and that non-degradable 
Cdc4p mutant proteins may negatively affect cell growth. 
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Figure 4, jSIRs A and B show that the F-box and domains of Cdc4p 

target Cdc4p for rapid proteolysis, and that Cdc4p function is required for cell cycle progression 
from Gl to S. (A) Flag-tagged Cdc4p mutants carrying either a Gly300 to Asp substitution, or 
an internal deletion of the entire F-box were induced to express in KY130 cells for I hour. The 
half life of the mutant Cdc4p proteins were determined by promoter shut-off as in Fig. 1 A. V 
represents the M2 cross-reacting species. (B) Morphology of SJ1012-4 (cdc4-5) cells in YEPD 
medium at 23°C (left) or kept at 34°C for 6 hours (right). 

Targeted Degradation of a Polypeptide by Fusion to Cdc4p F-box and W D40 repeats 

Since Cdc4p is targeted for auto-ubiquitination within the SCF 0104 * 5 complex, we 
predicted that any proteins, either covalently linked or in association with Cdc4p, would also be 
targeted within SCF Cdc4p for rapid degradation. As an initial _tes t^f Jiis h^othesis, a Cdc4p 
segment containing the F-box and the WD40 repeats (Cdc4p F/WD ) was fused to the stable 0- 
galactosidase protein (tl/2 >20 hr) (Bachmair et al. (1986) Science 234: 179-86), and introduced 
into KYI 30 cells under the control of the GAL1-10 promoter. This fusion protein is functional 
since it can complement the temperature sensitivity of a cdc4 ts allele (Johnson (1991) Thesis in 
Genetics, Univ. of WA, Seattle). As shown in Fig. 4C, the Cdc4p F/WD -pgal fusion was indeed 



F/WD 



highly unstable, being degraded with a half life of 35 minufesTHowever, tfieTsame Cdc4p 
"Pgal fusion protein containing the Gly 300 ->Asp F-box mutation was stable, further suggesting 
that Cdc4p dependent j)rot^lx^require^a^ functional interaction with Skplp (Fig. 4C). 
Furthermore, Cdc4p segments that lacked either the F-Box or the WD40 repeats (Cd^p^ or 
Cdc4p F ) failed to target degradation of the fused p-galactosidase (Fig. 4C), indicating that both 
the F-box and the WD40 domains are required for the SCF Cdc4p dependent degradation of the 
Cdc4p fusion proteins. Deletion of the last three WD repeats of Cdc4p has no effect on 
Cdc4p/Skplp/Cdc53p complex formation (Skowyra et al. (1997) Cell 91 : 209-19). However, this 
truncated Cdc4p fails to interact with phosphorylated Siclp (Skowyra et al. (1997) Cell 91: 209- 
19). Collectively, these data suggest that tf\eJ^hox„and_th^^ of Cdc4p 

are both required for the assembl^of a macr omoleculer Cdc3 4p/SCF Cdc4p /substrate complex 



optimal forubrquitin transfenk^ substrates. 

The F-box of Cdc4p contains 42 amino acids and has been biochemically defined 
as the Skplp interaction domain (Bai et al. (1996) Cell 86: 263-74). To further analyze the role 
of F-box for SCF functions, the F-box of Cdc4p was overexpressed in the wild type KY130 cells 
as a p-galactosidase fusion and cell growth was examined after 2 days. As shown in Fig. 4D, 
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L-^^adable Cdc4p F/WD -pgal strongly inhibit^^e 



overexpression of the non-a^radable Cdc4p F/WD -pgal strongly inhibiteacell growth, whereas 
neither the short-lived Cdc4p F/WD -Pgal, nor the stable Cdc4p ^Pgal fusion proteins caused 
growth inhibition (Fig. 4D). We further showed that the Cdc4p F -pgal could enter the core SCF 
as Skplp and Cdc53p could be readily detected in the Cdc4p F -pgal immunoprecipitates (P. Zhou 
and P. Howley, unpublished result). This suggested that the F-box alone, when present at high 
intracellular levels, might exert dominant negative effects through blocking the access of the core 
SCF by the F-box proteins, therefore interfering with SCF-mediated degradation of substrates 
or auto-ubiquitination of the F-box-containing SCF components. Interestingly, the entire coding 
regions of the adenovirus E3-12.9K or the Baculovirus ORF1 1 are exclusively composed of F- 
box-like sequences (Bai et al. (1996) Cell 86: 263-74). Given that overexpression of the Cdc4p 
F-box alone inhibited cell growth, it would be important to investigate whether these viral 
proteins might similarly perturb cell cycle regulation through interfering with the SCF functions. 

Figure 4, panels C and D show that the F-box and WD40 domains of Cdc4p 
target proteins connected to Cdc4p for rapid proteolysis. (C) The stable E. coli p-galactosidase, 
when fused to Cdc4p F/WD , was rapidly degraded. Segments of Cdc4p including (1) F-box and 
WD40 repeats (Cdc4p F/WD ) , (2) Cdc4p F/WD (G300D) "A", (3) F-box (Cdc4p F ) , "■" or (4) 
WD40 repeats (Cdc^p*™) "♦" were fused to E, coli pgal and under the control of the GAL1-10 
promoter. The decay of each pgal fusion over time was assessed in KY130 cells by promoter 
shut-off and immunoblotting using an anti-Pgal monoclonal antibody, and was quantitated by 
densitometer scanning. Logarithmic values were assigned to densitometry-determined protein 
levels and the percentage of protein remaining was plotted against time (minutes). (D) 
Overexpression of the F-box as a p-galactosidase fusion inhibits cell growth. KYI 30 cells 
carrying Cdc4p F/WD -p-Gal (FAVD), Cdc4p F -P-Gal (F) or Cdc4p WD -p-Gal (WD) expression 
plasmids were streaked on medium containing glucose (left) or galactose (right) and incubated 
at 30°C for 2 days. 



Targeted Degradation of the Retinoblastoma Tumor Suppressor in Yeast 

To demonstrate that a selected target polypeptide could be degraded by 
recruitment to an F-box-containing SCF complex, the retinoblastoma tumor suppressor protein 

(pRB) was expressed in yeast and targeted for degradation using F-box-pRB interaction domaffl 

fusion proteins. We chose the retinoblastoma protein pRB as a proteolysis target, since pRB was 
known to express at high steady state levels in yeast without interfering with normal growth 
(Hatakeyama et al., (1994) Genes Dev 8: 1759-71). In addition, the interactions between pRB 
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and viral oncoproteins hav^Seen extensively characterized. The pRB expression plasmid 
p2202TRB under the control of the GALI-10 promoter was introduced into wild type Y81 cells, 
and the half life of pRB was determined by promoter shut-off following transient induction of 
pRB by galactose. As shown in Fig. 7A, pRB was highly stable and no degradation was 
observed within 90 minutes upon promoter shut-off. This result also indicates that although cell 
cycle dependent phosphorylation of pRB in mammalian cells is faithfully mimicked in S. 
cerevisiae (Hatakeyama et al., (1994) Genes Dev 8: 1759-71), the Cdc34p/SCF Cdc4p machinery 
that degrades phosphorylated Sic lp during Gl/S transition can not recognize either hyper- or 
hypo-phosphorylated pRB. 



pRB. These engineered F-box-containing hybrid proteins were composed of two functional 
entities: the F-box and WD repeat domains of Cdc4p (Cdc4p F/WD ) sufficient for bi nding to Skplp 
and targeting to the core SCF, and thg^pRB. binding domain^^either the simian vims 40 Large 



T-^ntiprTtresidues 103-115), designated LTP (for Large T antigen Peptide), or the 
papillomavirus oncoprotein E7 (residues 2-35), designated E7N (Munger et al. (1989) EMBO 
J 8: 4099-105). As negative controls, the same domains of each viral oncoprotein carrying point 
mutations LTP(FGSK) or internal deletions E7N(ADLYC) within the conserved LXCXE pRB 
binding motif, thus abolishing their interactions with pRB, were also covalently attached to 
Cdc4p F/WD (DeCaprio et al. (1989) Cell 58:1085-95; Dyson et al. (1989) Science 243: 934-7; 
Figge et al. (1993) Protein Sci 2: 155-64; Munger et al. (1989) EMBO J 8: 40999-105; Yang et 
al. (1995) Nucleic Acids Res 23: 1152-6). These engineered F-box proteins allowed us to 
address two questions: 1) whether a stable protein (pRB) can now be degraded by an engineered 
Cdc4p derivative specifically designed to target pRB proteolysis; 2) whether the core SCF is in 
dynamic equilibrium with distinct F-box-containing substrate recognition components, and 
therefore allows the engineered Cdc4p derivatives to target non-SCF substrates to the core SCF 
for ubiquitination. As shown in Fig. 7B, the steady state Jev^^pXpRBJn. cells, ex^pressin^ 
Cdc4p FAVD -LTP was significantly lower than that in cells expressing Cdc4p F ^-LT^FGSK) 
incapable of interacting with pRB (Fig. 7B). To furtherll^ 

levels was a result of stimulated proteolysis by the engineered pRB-specific ubiquitin-protein 
ligase (Cdc4p FAVD -LTP), but not due to expression of the pRB binding domain of TAg that affects 
pRB synthesis, the half life of pRB was determined by promoter shut-off in Y81 cells expressing 
a second version of engineered Cdc4p with Cdc4p F/WD fused to the pRB binding domain of the 
papillomavirus E7 (aa 2-35) (Cdc4p F/WD -E7N). As a control, the turn over rate of pRB was 
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We next engineered two Cdc4p derivatives that were capable of interacting with 




s^^ely expressing Cdc4p F/WD -E7N(ADL^^i 



assessed in Y81 cells constSBGvely expressing Cdc4p F/WD -E7N(ADLYCy, in which Cdc4p F/WD 
was fused to the same domain of E7 internally deleted of four residues (ADLYC), and therefore 
lost the pRB binding capability (Munger et al. (1989) EMBO J 8: 40999-105). As shown in Fig. 
7C, pRB was rapidly degraded in Cdc4p F/WD -E7N expressing cells, with a half life of 70 minutes. 
In Y81 cells expressing Cdc4p F/WD E7N( ADLYC) defective for pRB binding, pRB was highly 
stable within 2 hours following promoter shut-off. These results indicate that by engineering a 
pRb binding peptide (LTP or E7N) on Cdc4p, the SCF 0 ^ machinery can be directed towards 
degradation of a non-SCF substrate such as pRb. 

Figure 6 shows a generic scheme for the genetic engineering of the SCF 
ubiquitin-proteolytic machinery to target degradation of non-SCF substrates (X). Y represents 
the interaction peptide of protein X that is covalently attached to the F-box-containing SCF 
subunit to create a "X"-specific ubiquitin-protein ligase. 

Figure 7 demonstrates the trans-targeting of the retinoblastoma tumor suppressor 
protein. The stable pRB is rapidly degraded by the engineered Cdc4p-derived ubiquitin-protein 
ligase. (A) pRB is a stable protein in S. cerevisiae. Exponentially growing Y81 cells carrying 
PGAL-RB expressing plasmid p2202TRB was induced for 1 hour with 2% galactose. Promoter 
shut-off was subsequently carried out, and the remaining pRB levels over time were determined 
from 100 ug of extracts by immunoblotting using the Ab-5 anti-pRB monoclonal antibody 
(CALBIOCHEM). (B) The steady state level of pRB is significantly lower in Y81 cells 
expressing Cdc4p F/WD -LTP than those expressing a mutant Cdc4p F/WD -LTP(FGSK) hybrid 
incapable of binding to pRB. Y81 cells containing pRB and the engineered Cdc4p derivatives, 
Cdc4p F/WD -LTP, or Cdc4p F/WD -LTP(FGSK) also under the control of the GALI f 10 promoter, were 
induced for the indicated hours. Cell extracts were prepared and 100 ug of each extracts were 
subjected to immunoblotting to detect the steady-state levels of pRB following galactose 
induction. (C) pRB is rapidly degraded in Y81 cells expressing Cdc4p F/WD -E7N, but remains 
highly stable in cell expressing Cdc4p F/WD -E7N(ADLYC), which is incapable of binding pRB. 
The turn over rate of pRB was assessed by promoter shut-off in Y81 cells constitutively 
expressing Cdc4p F/WD -E7N or Cdc4p F/WD -E7N(ADLYC), respectively. The decay of pRB over 
time was determined by immunoblotting using the Ab-5 anti-pRB monoclonal antibody 
(CALBIOCHEM). 
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Targeted Degradation of tn^IPV E2 Transcription Factor in Yeast 

As a further proof the concept of engineering the SCF 01 ^ System, we tested 
whether Cdc4p could be modified to target degradation of the normally stable E2 transcription 
factor from the oncogenic human papiuomavirus type 16 (HPV16) using the yeast model system. 
Besides serving as a regulator of viral transcription, E2 also functions as an auxiliary factor that 
associates with the HPV16 El protein directly involved in viral DNA replication (reviewed in 
Howley (1996) Virology 3rd ed.; New York: Lippincott-Raven Press). The E2 binding domain 
on HPV16-E1 was mapped to the carboxyl terminal 424-669 amino acids, designated EIC 
(Yasugi et al. (1997) Virol 71 : 891-9). Furthermore, a Glu39->Ala mutation within the amino 
terminus of E2 (E2(E39A)) completely abolished E1-E2 association, as determined by the yeast 
two-hybrid system and in vitro binding assays (Sakai et al. (1996); J Virol 70: 1602-1 1; Yasugi 
et al. (1997) Virol 71: 891-9). An E2~specific ubiquitin-protein ligase was engineered with the 
Cdc4p F/WD segment in-frame fused to EIC and was expressed under the control of the constitutive 
alcohol dehydrogenase (ADH) promoter in yeast. EE-tagged HPV16-E2 or E2(E39A), which 
were expressed under the control of the tetracycline-repressible promoter (tetO R ), were 
introduced into the wild type INVSC 1 cells together with Cdc4p F/WD -ElC respectively, and the 
half lives of E2 or E2(E39A) were determined by promoter shut-off. As shown in Fig. 8, EE-E2 
was rapidly degraded, with a tl/2 of 16 minutes. However, EE-E2(E39A), which was incapable 
of binding to Cdc4p F/WD -ElC, remained stable following addition of the deoxycycline (Fig. 8). 
Therefore, we conclude that the SCF ubiquitination system can be directed towards degradation 
of specific cellular proteins by covalently attaching their interaction peptides onto Cdc4p. These 
results provide in vivo evidence for a direct role of Cdc4p in substrate recruitment, and further 
indicate that intact SCFs are transient complexes within the cell. This operational characteristics 
of the SCF ubiquitination machinery provides enormous flexibility for the core SCF to assemble 
with a large and diversified family of F-box-containing proteins or their engineered functional 
derivatives to target degradation of cellular proteins. 

Figure 8 shows that a genetically engineered SCF 0 ^ complex efficiently targets 
degradation of the papillomavirus E2 transcriptional regulator in the yeast model system. 
INVScl cells expressing pADH-Cdc4p F/WD -ElC and ptetO R -EE-E2 or ptetO R -EE-E2(E39A) were 
growing to logarithmic phase respectively. The decay of EE-E2 or EE-E2(E39A) were 
determined by promoter shut-off with the addition of 10 ug/ml deoxycycline. 10 ml of culture 
were withdrawn at the indicated time points for preparing protein extracts. EE-E2 or EE- 
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E2(E39A) were detected oy immunoprecipitation from 200 ug ol extracts followed by 
immunoblotting using the anti-EE monoclonal antibody (Babco). 

Targeted Degradation of the Retinoblastoma Tumor Suppressor in-Mammalian Cells 

A human homolog of the £ cerevisiae Cdc4p/li-P^^P^as recently identified 
that targets CD4 for degradation in the presence of the HTV1 viral protein Vpu (Margottin et al., 
1998). CD4 proteolysis requires the F-box region of h-pTrCP that interacts with human Skp 1, 
suggesting that an analogous human SCF machinery operates in the degradation of h-PTrCP 
substrates (Margottin et al., 1998). Indirect immunofluorescence studies indicated that h-pTrCP 
was localized both in the nucleus and cytoplasm (Fig. 9), suggesting the possibilities that h- 
pTrCP can be engineered to target the degradation of mammalian nuclear and cytoplasic 
proteins. To demonstrate the efficacy of the engineered SCF system in mammalian cells to 
degrade stable cellular proteins, we studied whether expre^ion of 

hybrid is capable of mediating proteolysis of the physiologically stable_p„RB_ prptein in^ 



mammalian cells. pTrCP-E7N and pTrCP-E7N(ADLYC) hybrids were constructed in pcDNA3 



vector (Invitrogen) and were expressed under the control of the CMV promoter respectively. 
pTrCP-E7N efficiently interacts with pRB, whereas neither and PTrCP-E7N (ADLYC) nor 
pTrCP itself was capable of associating with pRB in the in vitro binding assays (Fig. 10A). The 
decay of an exogenous HA-tagged pRB protein was then examined in human osteosarcoma Saos- 
2 cells lacking a functional pRb. As shown in Fig. 10B, pRB was rapidly degraded in Saos-2 
cells expressing pTrCP-E7N, but not pTrCP-E7N (ADLYC). These results demonstrate that the 
SCF^^ similarly both in yeast and in mammals, and that 

the F-box-containing ubiquitin-protein ligases can be genetically engineered towards degradation 




of any cellular proteins of interest. 

Figure 9 pTrCP, a human homolog of Cdc^^is an unstable protein localized 
both in the nucleus and in cytoplasm of Hela cells. (AfHrfman PTrCP is a short-lived protein. 
The human osteosarcoma Saos-2 cells were transiently transfected with Flag-tagged PTrCP 
expression plasmid. The decay of F-PTrCP over time were determined by pulse-chase analysis 
by 35 S-Express labeling and immunoprecipitation with the anti-Flag M2 monoclonal antibody 
at the indicated chase times. (B) Hela cells plated on glass coverslips were transfected with 
Flag-tagged PTrCP (F-TrCP) or control untagged PTrCP. Cellular distribution of the F-TrCP 
was assayed by indirect immunofluorescence using the anti-Flag M2 monoclonal antibody. 



366025.1 



138 



Figure 10 Degradation of pRB by the engineered pTrCPT (A) The engineered 
F-TrCP-E7N ubiquitin-protein ligase can interact with pRB. In vitro translated (TVT), 35 S-labeled 
pRB was mixed with similarly labeled IVTs of pTrCP (lanel), F-pTrCP (lane 2), F-TrCP-E7N 
(lane 3) and F-TrCP-E7N (ADLYC) (lane 4) for 1 hour at 4°C. Complexes were then 
immunoprecipitated using the anti-Flag M2 monoclonal antibody and subjected to SDS PAGE 
electrophoresis. Lanes 5-9 represent 50% of the input 35 S-labeled proteins used in the 
co-immunoprecipitation analysis. (B) The engineered F-TrCP-E7N ubiquitin-protein ligase can 
degrade transfected pRB. SAOS-2 cells were transiently transfected with the indicated amounts 
of HA-pRB and F-TrCP-E7N or F-TrCP-E7N(ADLYC). HA-pRB protein was determined from 
200 ug of cell extracts by western blotting using the AB-5 anti-pRB monoclonal antibody. (C) 
F-TrCP-E7N blocks pRB induced growth arrest in SAOS-2 cells. SAOS-2 cells were transfected 
with L5 ug of pBabe-puro and 5.0 ug of each of the indicated plasmids. Transfected cells were 
subjected to puromycin selection for 7 to 10 days, and the percentage of flat cells were 
determined as previously described (Tienmann and Hinds (1998) EMBO J 17: 1040-52). The 
graph shown was the average from two independent experiments. 



Targeted Degradation of Endogenous pi 07 in Mammalian Cells 

A critical step for the application of the engineered proteolysis system is to target 
the degradation o£endo^enoiSlprotemsr We~therefore tested whether pTrCP-E7N could target 
the P rot ^J^^f pl07, a pocket proteinrelat|g4-t^ pRB and also capable of binding HPV16 E7. 
The cervical carcinoma C33A cells lacking wt pRB, which can be transfected at high efficiency 
(60% to 70%), were used in this experiment to study wh qther^endogenous pi 07 cou ld be 
degraded by the engineered pTrCP-E7N (Dyson et al. (1992) J Virol 66: 6893-902; Davies et al. 
(1993) J Virol 67: 2521-8). In this set of experiments, the C33A cells were co-transfected with 
CMV-CD19, and transfected cells were selected by immunomagnetic selection of those cells 
expressing CD 19. As shown in Fig. 11 A, the steady-state levels of pi 07 were dramatically 
decreased in pTrCP-E7N expressing cells, but were not affected in C33A cells expressing the 
control pTrCP-E7N (ADLYC) protein unable to bind pi 07. The CD 19 negative Saos-2 cells, 
which did not receive transfected F-pTrCP-E7N or pTrCP-E7N (ADLYC), contain the same 
levels of pi 07 (data not shown). 

To further improve the efficiency for the delivery of the engineered 
ubiquitin-protein ligase, we constructed adenovirus expressing F-PTrCP-E7N or F-pTrCP-E7N 
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(ADLYC) to infect exponentimiy growing C33A cells (He et al. (1998) Proc Natl Acad Sci U S 
A 95:2509-14). Twenty -four hours post-infection, 100% of C33A cells were infected by the 
viruses, as determined by the expression of green flourescence protein (GFP) from the 
adenovirus vector (He et al. (1998) Proc Natl Acad Sci U S A 95:2509-14). As shown in 
Fig.l IB, expression of F-pTrCP-E7N completely eliminated the endogenous pl07 in C33A cells, 
whereas expression of F-pTrCP-E7N (ADLYC) or the control virus has no effect on the cellular 
pi 07 protein levels. Collectively, these results demonstrated that by engineering an 
F-box-containing ubiquitin-protein ligase, the cellular SCF machinery could be redirected to 
deplete specific cellular proteins through the SCF-mediated ubiquitination machinery. 

Figure 1 1 shows that expression of the engineered F-TrCP-E7N ubiquitin-protein 
ligase can target degradation of the endogenous pi 07 in C33A cells. (A) C33A cells were 
transiently transfected with 3 ug of pCMVCD19 expression plasmid and the pCDNA3 vector 
alone, or the indicated amounts of pCDNA-F-TrCP-E7N or P CDNA-F-TrCP-E7N (ADLYC). 
Following transfection, cells were subjected to immunomagnetic selection by the anti-CD 19 
monoclonal antibody and the Dynabeads coated with Rat anti-Mouse IgGl . Extracts (200 ug) 
of CD 19 positive cells were examined for the levels of the endogenous pi 07 using anti-pl07 
polyclonal antibody (Santa Cruze). The endogenous actin levels are indicated as an internal 
loading control. (B) C33A cells were mock infected, or infected with either control adenovirus 
(C), or adenoviruses expressing F-TrCP-E7N or F-TrCP-E7N (ADLYC) for 20 hours to analyze 
the levels of endogenous pi 07 as described in (A). 



Experimental Procedures 
Yeast strains and plasmids. 

The S. cerevisiae strains used for half life determination and in vivo ubiquitination studies were 

gifts from Drs. D. Finley, S Elledge and S. Reed and were shown as follows: KYI 30 (Mat a, 

ura3-52, Ieu2-Al, gcn4-A, ade8::GCN4), KY203 (Mat a, ura3-52, Ieu2-Al, gcn4-& 

ade8::GCN4, cdc34-2), YY371 (Mat a, ura3, leu2-3, 112, his3-ll) t YY374(Mat a, ura3, leu2-3, 

112, his3-ll,prel-l,pre4-l), Y81 (Mat a, canl-100, ade2-l f his3-ll t -75, leu2-3, -112, trpl-L 

ura3-l), Y553 (Mat a, canl-100, ade2-l t his3-ll, -75, leu2-3 t -112, trpl-L ura3-l, skpl-11) or 

cdc28-4 (Mat a, ura3, leu2, adel, trpl f arg4, his2, cdc28-4 J. SJ1012-4 (Mat a, leu2-3, -112, 

ura3-52 t lys2, adel f his7, cdc4-5 ) is a gift of Drs. B. Byers and B. Jenson. INVScl (Mat a, 

his3Ll, leu2 t trpl -289, ura3-52) was purchased from Invitrogen. Flag-tagged Cdc4p and Skplp, 

or HA-tagged Cdc53p and Siclp were generated by PCR for cloning into the pYES2 vector 
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Jl^^and HA-Cdc53p were functional since t^^< 



(Invitrogen). F-Cdc4p, F-Sl^!p and HA-Cdc53p were functional since they could complement 
the temperature sensitive mutants of cdc4-3, skpl-11 and cdc53-l. SIC1 -HA was previously 
shown to be able to substitute for the chromosomal SIC] (Schwob et al. (1994) Cell 79: 233-44). 
Flag-tagged Cdc4p carrying the Gly 300 to Asp alteration, or a deletion of the entire F-box, were 
constructed by PCR-directed mutagenesis and were cloned into the pYES2 vector. Individual 
Cdc4p segments encompassing the F-box, the WD repeats or both the F-box and the WD repeats 
were generated by PCR and were cloned into pLDSGS vector to make fusions to LacZ 
(Bachmair et al. (1986) Science 234: 179-86). PCR fragments with ubiquitin or Myc-Ub 
encompassed by the CUP1 promoter and the CYCI terminator sequences (Ellison and 
Hochstrasser (1991) J Biol Chem 266: 5966-76) were cloned into the pRS425 vector for 
coexpression with HA-Grrlp AN in Y81 cells. All PCR products described above were verified 
by automated sequencing. Information on details of the plasmid construction are available upon 
request. 

Protein stability 

Promoter shut-off, pulse-chase analysis, immunoprecipitation and immunoblotting were carried 
out as described (Bachmair et al. (1986) Science 234: 179-86; Visintin et al. (1997) Science 278: 
460-3). For half-life studies by promote shut-off, exponentially growing KY130 or Y81 cells 
carrying either F-Cdc4p, HA-Cdc53p, Flag-Skplp, Siclp-HA, F-Cdc4p(G300D), FCdc4p(AF) 
or various Cdc4p segments/p-Gal fusions under the control of the GAL1-10 promoter, were 
induced to express the individual proteins for 1 hour by adding 2% galactose to the raffmose 
containing media. Cells were then transferred to glucose-containing medium containing 1 mg/ml 
cyclohexamide to repress transcription and translation, respectively (Visintin et al. (1997) 
Science 278: 460-3). Aliquots from the cell culture were withdrawn at the indicated time 
intervals, protein extracts were prepared and 100 ug of each extract was used for 
immunoblotting. To determine Cdc4p stability at different cell cycle stages, KY130 cells 
carrying GAL-F-Cdc4p were arrested by (x-factor (3 ug,/ml) in GI phase, hydroxyurea (10 
mg/ml) in S phase or nocodazole (15 ug/ml) in M phase in raffinose-containing medium. After 
3.5 hours, 2% galactose was added to induce synthesis of F-Cdc4p for 45 minutes. Cells were 
then washed into fresh medium containing 2% glucose and the half life of F-Cdc4p in Gl, S or 
M phase synchronized cells was determined by immunoprecipitation and visualized by 
immunoblotting using the anti-Flag M2 antibody (Visintin et al. (1997) Science 278: 460-3). For 
pulse-chase analysis, exponentially growing KYI 30 cells or Y81 cells expressing HA-Grrlp AN 
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were pulse- labeled with 35 ^^lethionine for 15 minutes followed by chasing in cold fresh 
medium containing 0. 1 5% L-Cys/0.2% L-Met/50 mM (NH4) 2 S0 4 . Portions were withdrawn 
at the indicated time intervals and analyzed by inununoprecipitation to determine the half lives 
of the endogenous Cdc4p, Skplp, or HA-Grrlp**. To assess Cdc4p degradation in YY374, cdc34- 
2, skpl-11 and cdc28-4 ts mutants, cells carrying the galactose inducible F-Cdc4p plasmid were 
grown at 25°C to mid-log phase. Half of each culture was allowed to continue growing at 25°C 
and the other half was shifted to 37°C for 1 to 3 hours. 2% galactose was then added to induce 
F-Cdc4p expression in each culture 1 hour prior to promoter shut-off to determine the half-life 
of F-Cdc4p at the non-restrictive (25°C) or restrictive temperatures (37°C). As a control, the turn 
over rate of F-Cdc4p was also determined at 37°C in the respective isogenic wild type cells (data 
not shown). 

In vivo ubiquitination 

Exponentially growing INVScl cells expressing an untagged Cdc4p (pYES2) and Myc-Ub 
(YEP 105), under the control of the GAL1-10 and CUP I promoters respectively, were carried out 
with induction media containing 2% calactose and 100 mM CuS0 4 for 3 hours (Ellison and 
Hochstrasser (199 1) J Biol Chem 266: 21 150-7). Yeast cells were lysed by vortexing with glass 
beads n NP-40 lysis buffer (150 mM NaCl, 1.0% NP-40, 50 mM Tris (pH 8.0)), and Cdc4p was 
immunoprecipitated from 1 mg of each extract adjusted to RIPA buffer condition (150 mM 
NaCl, 1.0% NP-40, 0.5% DOC, 0.1 % SDS, 50 mM Tris (pH 8.0) ) using 2 ug of affinity purified 
anti-Cdc4p polyclonal antibody (Harlow (1988) Antibodies, a laboratory manual (Cold Spring 
Harbor: Cold Spring Harbor Laboratories). The ubiquitinated Cdc4p species was detected by 
immunoblotting using the anti-Cdc4p or 9EI0 antibodies. Y8 1 cells carrying the constitutively 
expressed HA-Grrlp AN were induced for 3 hours by 100 mM CuS0 4 to express Ub (YEP96) or 
Myc-Ub (YEP 105) for detection of ubiquitinated Grrlp. 



Yeast strains, cell culture and plasmids 

& cerevisiae INVScl Qfavitrogen) and Y81 cells (gifts of S. Elledge) were used 
to assess the in vivo degradation of the\papillomavirus E2 or pRB by the engineered Cdc4p 
ubiquitin-protein ligases. The human osteosarcoma Saos-2 cell was a gift of Drs. David Thomas 
and Philip Hinds. The galactose inducible pKB expression plasmid p2202TRB was a gift of Dr. 
Robert Weinberg (Hatakeyama et al. (1994) G^nes Dev. 8: 1759-71). The engineered Cdc4p 
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derivatives Resigned for targSBKg pRB degradation were constructed as follows: Cdc4p F/WD -LTP 
and Cdc4p F/ V-LTP(FGSK) cDNAs were generated by PCR using the 5* primer 5- 
GCGGATCC^^C ATGG AT AAMAAAG AGGG ACCT AAT AAC-3 ' that hybridizes to CDC4 
corresponding to tesidues 270 to 277 with a BamHI site and the ATG translation initiation codon 
at the 5 ! end, and ffle 3' primer encoding sequences of either the Cdc4p C-terminus (residues - 
779) in frame fused tXthe pRB binding domain of the SV40 large T antigen (residues 103-1 15), 
or the same primer canying point mutations of the LFCSE motif that abolishes its interaction 
with pRB (DeCaprio et V (1989) Cell 58:1085-95; Dyson et aL (1989) Science 243: 934-7; 
Figge et al. (1993) Protein Sti 2: 155-64; Munger et al. (1989) EMBO J 8: 4099-105); Yang et 
al. (1995) Nucleic Acids Res3B: 1 152-6). The sequences of these two 3' primers carrying the 
NotI site and \ translation stop codon are 5'- 
GCGCGGCCGCCTACTCATcAcACTAGATGGCAMCTTCTGAGCAAAACAG 
CCCTCTGG TATTATAGTTGTCC^CGT-3 f and 5 f -CGCGGCCGCCTACTCATCATCACTAG 
ATGGCAMTTGAGCCAAAGTTTTOT The resulting 

PCR fragments encoding Cdc4p FAVD -LTPVor Cdc4p F/WD -LTP(FGSK) hybrids were digested with 
BamHI and NotI, and were subsequent^ cloned into the pYES2 vector (Invitrogen) for 
expression in Y81 cells under the control oMe GAL1J0 promoter. The Cdc4p F/WD -E7N or 
Cdc4p FAVD -E7N(ADLYC) hybrid constructs Wfere obtained by a two-step PCR approach as 
described in detail (Dieffenbach, 1995). TheVrst PCR reactions for making individual 
Cdc4p F/WD -E7N or E7N(ADLYC) DNA fragmentsWe conducted using pYES-F-CDC4 (this 
work), pGST-E7(2-35) or pGST-E7(2-35)(ADLYC)\lasmids as templates (Gifts of Dr. K. 
Munger). The sequences for the primer sets used are as follows: 5'- 
GC W ATCC ACC ATGG AT AATIT AAAGAGGG ACCTAWr AAC-3 '(5 '-extreme) and 
S'-GTAGGTGTATCTCCATGTGGTATrATAGTrGTCC-S^for Cdc4p FAVD , 5'- 
GGACAACTATAATACCACATGGAGATACACCTAC-3 1 a^4 5'- 

GCCTCGAGTCACTCCTCCTCTGAGCTGTC-3' ^-extreme) Nfor E7N or E7N(ADLYC), 
respectively. The second step PCR reactions were conducted using me same 5'- and 3' extreme 
primers to ligate Cdc4p F/WD /E7N or Cdc4p F/WD /E7N(ADLYC) PCR Wments together. The 
resulting hybrid Cdc4p F/WD -E7N or Cdc4p F/WD -E7N(ADLYC) DNA fragments were digested with 
BamHI and Xhol which were introduced by the 5'- and 3 1 - extreme primdrs, respectively, and 
were cloned into the p426-ADH plasmid (ATCC) for constitutive expressionin Y81 cells under 
the control of the ADH promoter. Cdc4p FAVD -ElC were constructed similarity the two-step 
PCR approach using primer pairs 5'-GCGGATCCACCATGGATAAMAAAGAGGGAC 
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CTAATAAC-3* (S'-extrenflTs' and S'-CCTATCACATCTAT^^^TATTGGTATTA 
TAGTTGTC-3' for Cdc4p F/ V and 5'- GACAACTATAATACCAATAAAATATAG 
ATGTGATAGG-3' and 5 f -GCCTch^GTCATAATGTGTTAGTATTTTGTCCTG-3 f for E1C. 
The resulting Cdc4p F/WD -EIC fragment was cloned into the BamHI/XhoI sites of p426-ADH 
vector. EE-tagged HPV16-E2 and HPV M>-E2(E39A) were generated by PCR using primers 5'- 
GCGGATCCACCATGGAGGAAGAAQAGTATATGCCCA TGGAGGAGACTCTT 
TGCC AACGTTTT AAATGTG-3 ' and 5'- 
GCGCGGCCGCTCATATAGACATAAATCCA GTAGAC -3\ and the resulting PCR 
fragments were cloned into the single copy plasmid pCM185 for expression under the control 
of the tetracycline-repressible (tet£) R ) promoter inV. cerevisiae, 

pTrCp-E7N and pT*CP-E7N(ADLYC) were also constructed by the two step 
PCR approach with primer pairs 5\GCGGATCCGCCACCATGGACTACAAGGACGAC 
GATGACAAAGATGACCCGGCCGAGGCGGTGCTG-3 , and S'-GTAGGTGT 
ATCTCCATGTCTGGAGATGTAGGTOTATG-3' for PTRCP, S'-CATACACCTA 
C ATCTCC AGAC ATGGAGAT AC ACCT AC-3 1 and 5'-GCGCGGCCGCTCA 
CTCCTCCTCTGAGCTGTC-3 , primer sets forte7N or E7N(ADLYC). The final PCR fragments 
were cloned into the BamHI/NotI sites of pcDN&3 (Invitrogen). The cloned PCR fragments 
described above were sequenced by the BCMP\core facility at Harvard Medical School. 
Expression of the engineered Cdc4p hybrids in Y8l^ells were confirmed by immunoblotting 
using the anti-Cdc4p polyclonal antibody. 

Immunofluorescence staining 

The cellular distribution of pTRCP was analyzed by indirect 
immunofluorescence. Hela cells grown on glass coverslips were transfected with F-TrCP, 
pTRCP or pCDNA3 vector using the FuGENE transfection reagent. 36 hours post transfection, 
cells were washed with PBS and fixed in 3% paraformaldehyde for 10 minutes at room 
temperature. Cells were then washed in blocking buffer (0.2% Fish Skin Gelatin, 0.02% Triton- 
100 in PBS) and hybridized with the anti-Flag monoclonal antibody (3 ug/ul) (Kodak) at 1 :500 
dilution in blocking buffer for 30 minutes. After washing 3 times with blocking buffer, cells 
were hybridized with 1:500 dilution of Cy 3 -conjugated goat anti-mouse IgG (Jackson 
Immunoresearch Inc.) for 30 minutes, washed twice in blocking buffer, once in PBS, and 
mounted on microscope slides for visualization. 
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Interaction of pRB with the^^ineered ubiquitin-protein ligases 
Interaction of pRB and the pRB binding peptides for engineering Cdc4p-derived ubiquitin- 
protein ligases were demonstrated previously by in vitro binding and by the two hybrid 
interaction assay in yeast cells (Yang et al. (1995) Nucleic Acids Res 23: 1 152-6 (K. Munger, 
personal communications). To verify the interaction between pRB and the engineered F-TrCP- 
E7(N), pRB and the individual F-box/WD40 repeats-containing PTrCP derivatives were 
synthesized in vitro in the TNT rabbit reticulocyte lysates in the presence of 35 S-methionine. 10 
ul of each radiolabeled proteins, PTrCP, Flag-tagged pTrCP (F-TrCP), F-TrCP-E7(N) and F- 
TrCP-E7(N)(ADLYC) (lanes 1-4) were mixed with 10 ul of 35 S-labeled pRB individually for co~ 
immunoprecipitation with 1 ug of the anti-Flag (M2) monoclonal antibody (Kodak) in NP40 
lysis buffer (250 mM NaCl, 0.1% Nonidet P-40, 50 mM Tris-HCl, 5 mM EDTA, 1 mM 
dithiothreitol, 0.01% phenylmethylsulfonyl fluoride, 1 ug each of aprotinin and leupeptin) as 
described in detail (Harlow (1988) Antibodies, a laboratory manual (Cold Spring Harbor: Cold 
Spring Harbor Laboratories), and were electrophorized on a 7.5% SDS PAGE gel. 




Engineered SCF system in veast and mammalian cells 

To evaluate pRB stability in S. cerevisiae, Y81 cells containing the pRB 
expressing plasmid p2202TRB under the control of the GAL 1,10 promoter were grown to log 
phase in raffinose-containing medium, and were induced for I hour by addition of 2% galactose. 
Cells were washed into glucose-containing medium in the presence of 1 mg/ml cyclohexamide 
to repress pRB transcription and translation respectively. Aliquots of cells were collected at the 
indicated time points following promoter shut-off, extracts were prepared by vortexing in glass 
beads containing NP-40 lysis buffer, and 100 ug of each extracts were analyzed by 
immunoblotting using the Ab-5 anti-pRB monoclonal antibody (CALBIOCHEM). pRB half life 
was determined similarly by promoter shut-off in Y81 cells constitutively expressing the 
engineered Cdc4p derivatives, Cdc4p FAVD -E7N or Cdc4p F/WD E7N(ADLYC), under the control of 
the alcohol dehydrogenase (ADH) promoter. The steady-state levels of pRB was also determined 
from 100 ug of Y81 extracts induced for the indicated hours to express Cdc4p F/WD -LTP or the 
mutant Cdc4p FAVD -LTP(FGSK) hybrid by immunoblotting using the Ab-5 anti-pRB monoclonal 
antibody (CALBIOCHEM). The half lives of EE-E2 or EE-E2(E39A) were similarly determined 
in Cdc4p F/WD -ElC expressing INVScl cells by promoter shut-off in the presence of 10 ug/ml 
deoxycycline, a metabolically stable tetracycline derivative. The decay of EE-E2 or EE- 
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